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1.1. Hybrid perovskites 
In the last decades, the global energy consumption has been continually 
increasing. Inexpensive, clean and renewable energy sources are needed in 
order to reduce the dependence on fossil fuels such as coal, oil and gas. 
Solar energy is one of the most promising candidate among renewable 
energy sources. The current generation of photovoltaic devices relies on 
inorganic crystalline semiconductors, such as silicon, cadmium telluride 
(CdTe) and copper indium gallium selenide/sulphide (CIGS), as the light 
absorbers. Although they can be efficient and stable, they usually require 
high energy-input manufacturing, involving high-temperature and complex 
fabrication processes. Very recently, a new generation of photovoltaic 
materials has emerged. They make use of organic-inorganic (hybrid) 
perovskite semiconductors. These perovskite solar cells (PSCs) could 
become one of the future transformative technologies, due to the low 
energetic and monetary cost, coupled with their reliance on earth-abundant 
compounds.  
Hybrid perovskites owe their name to the general three dimensional (3D) 
perovskite structure ABX3, where A is an organic cation, B is a metal cation 
and X is a halide anion. The extended perovskite structure is composed by 
corner-sharing BX6 octahedra with interstitial A cation. To keep a high-
symmetry cubic structure, the Goldschmidt tolerance factor (t) of the 
perovskite should be close to 1 and is typically between 0.8 and 1.1. It is 
defined as follows: 
  
     
         
                           Equation 1 
 
Where r represents the ionic radii of A, X or B, as indicated respectively. In 
the perovskite studied to date in solar cells, the cation B is usually a divalent 
metal with stable octahedral coordination, the most common ones being 
Pb2+, Sn2+ and to a less extent Ge2+, although some studies have also 
presented perovskites with trivalent ions such as Bi3+ and Sb3+, in which 
lattice vacancies compensate for the extra charges.1-4 Extended 3D hybrid 
perovskites can only form if the organic cation fits in the cavity delimited by 
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four corner-sharing octahedra. For this reason, only methylammonium (MA) 
and formamidinium (FA) fulfil such space limitation for organic and readily 
available cations. The tolerance factors for the most popular lead or tin halide 
perovskites are listed in Fig 1.1c.  When the A site is occupied by groups that are 
too large, such as alkyl ammonium cations, the lead halide perovskite converts 
to a two-dimensional (2D) layered structure. The most studied hybrid perovskite 
for photovoltaics is methylammonium lead iodide, MAPbI3. The 
MAPbI3 perovskite has a reversible tetragonal (β) to cubic (α) phase transition 
that occurs at about 56 °C.5, 6 At low-temperature, stabilized orthorhombic (γ) 
phase was detected at 100 K, and the phase transition between the tetragonal 
(β) phase and orthorhombic (γ) phase occurs at about 160 K; the crystal 
structure for each of the three phases is shown in Fig 1.1a and 1.1b.  
 
 
Fig 1.1 (a) Crystal structure of cubic lead halide perovskite (α phase) (b) Crystal structure 
of the tetragonal crystal system (β phase) and orthorhombic phase (γ phase) of MAPbX3. 
(c) Tolerance factors of a series of halides perovskites. Adapted from reference 7. 
 
This tetragonal to cubic phase transition accounts, in part, for the thermal 
stability issue of MAPbI3 perovskite and for its optoelectronic devices.
8 A similar 
phase transition for FAPbI3 occurs at higher temperature, partially explaining its 





Hybrid perovskites present a range of desirable properties, which are the origin 
of the recent interest towards these materials and of the successful application 
of compounds such as MAPbI3 in photovoltaics. Some of these properties are 
listed below. 
o High optical absorption coefficient 
The optical absorption coefficient (α > 105 cm-1, Fig 1.2) of MAPbI3 is 
comparable to that of inorganic semiconductors, such as GaAs or CdTe. The 
large absorption coefficient over a broad wavelength range thus endows 
MAPbI3 with the advantage to efficiently harvest the incident light while 
keeping the absorber layer thickness low. 
o Low exciton binding energies 
Hybrid perovskite films have high dielectric constants with reported values 
higher than 20, which lead to very small exciton binding energy, which 
facilitates the generation of free charge carriers within the perovskite at 
room temperature. 9-12 
o Balanced electron/hole mobility and long diffusion length  
A balanced hole and electron mobility, and a large diffusion length of both 
carriers (in the μm range) has been found in polycrystalline perovskite films, 
which facilitates the charge extraction from the active material to the 
electrodes.13-18 
o Tunable bandgap energy (Eg) 
The conduction band of the perovskite is mainly formed by the p orbital of 
the Pb atoms and the valence band by the p orbitals of the halide. Hence, 
the bandgap can be easily tune by exchanging the halide, modifying the 
covalent/ionic character of the lead halide bond. In MAPbX3, the partial and 
complete substitution of the iodide, first with bromide and then with 
chloride, allows to continuously widen the bandgap from 1.6 eV up to about 
3.2 eV, which correspond to the fully substituted MAPbCl3. By mixing 






Fig 1.2 (a) Absorption coefficient of mixed MAPb(I1-xBrx)3 thin films with increasing 
bromide content, adapted from reference 21. (b) Absorption spectra of mixed 
MAPb(Br3-xClx) thin film with increasing chloride content, adapted from reference 
22. 
 
1.2 Deposition techniques 
In order to obtain a high photocurrent in planar perovskite solar cells, the 
simplest approach would be to increase the absorber layer thickness to 
maximize photon harvesting. However, this is not straightforward because 
the film quality and properties are strongly dependent on the perovskite 
morphology. Actually, one of the main challenges to obtain high 
performance in solution-processed thin-film perovskite devices is the 
fabrication of high quality, pinhole-free films with controlled grain size and 
high surface coverage. All processes of charge separation, transport and 
diffusion strongly depend on the crystallinity of the film.23, 24 The 
crystallization of perovskite compounds is in turn highly dependent on 
factors such as the deposition methods, the composition, type of substrate 
(surface chemistry and structure, degree of hydrophilicity, etc.), and the 
solvents/additives used. For this reason, several deposition techniques have 
been developed so far. The deposition methods commonly used for the 
preparation of perovskite films can be divided in two main classes: solution- 
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and vacuum-based techniques. Each of them includes a variety of modified 
processes, which are discussed below.25-28 
1.2.1 Solution processing methods 
Solution-based deposition methods are the more widespread because of 
their simplicity, allowing the preparation of high-quality perovskite films 
through simple casting of perovskite precursors. The perovskite precursor 
solutions are obtained by dissolving the inorganic and organic compounds 
(the metal and organic halide salts) in solvents such as N,N-
dimethylformamide (DMF), dimethyl sulfoxide (DMSO), or γ-butirrolactone 
(GBL). The solution process techniques for depositing perovskite thin films 
can be grouped into two main categories: one-step and two-step methods, 
depicted in Fig 1.3.  
 
 
Fig 1.3 Schematics of the different solution deposition methods for hybrid 
perovskite thin-films, shown here in the case of methylammonium lead halides. 
Adapted from Reference 28. 
 
In the one-step method, the perovskite is formed by direct spin-coating of a 
precursor solution, and the process is controlled by the evaporation of 
excess of solvent and by the subsequent crystallization of the solid 
perovskite film. The formation of high quality films with good coverage 
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depends on the speed of the latter processes. For this reason, it is crucial to 
control the reaction kinetics to achieve the desired morphology and to 
maintain consistent optical and electronic properties.29 Moreover, an 
appropriate post-annealing treatment is important for a quantitative 
conversion of the precursors to the corresponding perovskites, as well as 
the choice of the substrate used. An interesting approach to control the 
rapid crystallization in the one-step method is the dripping of a non-polar 
solvent (such as toluene or chlorobenzene) over the film during spin-
coating. The non-polar solvent modifies the crystallization kinetics, enabling 
the formation of very dense and homogeneous perovskite films.30-34 
Another way to gain control over the crystallization kinetics is by a two-
steps deposition or sequential deposition technique. In this method, the 
inorganic precursor (PbX2) is deposited into a uniform, compact film by 
solution or vapour deposition. Then it is converted to perovskite either by 
dip- or spin-coating of a solution of the organic cation. The final layer is 
usually annealed in order to promote the interdiffusion of the organic 
cation into the PbX2 layer to ensure the formation of highly crystalline 
perovskite films.35-38 
1.2.2 Vacuum deposition methods 
Besides solution processing, vacuum deposition methods are also 
increasingly applied in the preparation of hybrid perovskite thin films. These 
techniques are widely used in the semiconductor industry on a large scale 
for several optoelectronics applications. Vacuum deposition techniques 
present some advantages over solution-based methods: 
o High purity of the used precursors. 
 
o Fine control over film thickness and morphology: the deposition rate 
and the thickness of the film are precisely monitored using quartz 
crystal microbalance (QCM) sensors. Moreover, this technique 
typically leads to very flat and homogeneous surfaces. 
 
o Compatible with large area and different kind of substrates: when 
stoichiometric conditions are used, no annealing is needed after the 
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perovskite deposition, hence this technique is compatible with any 
substrate, even temperature sensitive materials such as textile or 
plastic foils. 
 
o Intrinsically additive: different layers can be deposited on top of 
each other using vacuum techniques, allowing the preparation of 
multilayer architectures such as tandem solar cells. 
In analogy with solution-based methods, vacuum deposition techniques can 
also be classified into two main approaches, the dual-source and the 
sequential vapor deposition. 
Dual-source vapor deposition: In this technique the organic cation and the 
metal halide are simultaneously thermally sublimated in a high vacuum 
chamber, where they condense and react on a substrate placed above the 
thermal sources (Fig 1.4). The stoichiometry of the layer is controlled by 
adjusting the evaporation rate of the two components, giving real time 
control over the film growth.26 Different precursors have been used to 
obtain the MAPbI3 perovskite film. Liu et al were the first to use this 
technique to prepare a high-efficiency perovskite solar cells.39 They used 
PbCl2 and excess MAI as precursors which, after an annealing step lead to 
uniform and highly crystalline films with large grain size. At the same time 
our research team adopted this method to deposit pure iodide MAPI3 
perovskite films.40 In this case stoichiometry conditions were used, hence 
no annealing step was needed to convert the as-deposited films. Ono et al. 
developed a similar method where the precursor stoichiometry was 
ensured by controlling the MAI vapor partial pressure inside the vacuum 
chamber.41 
Sequential deposition method: in analogy with solution-based techniques, a 
sequential deposition method has also been developed, where the 
formation of the inorganic framework is decoupled from the reaction and 
intercalation with the organic halide. After the deposition of PbI2 different 
ways of conversion have been described such as dipping into a MAI 
solution,42 MAI reaction through chemical vapor deposition (CVD)43 or the 
sequential deposition of alternating thin (<50nm) PbX2/MAI multilayers, 
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where the MAI reaction can take place in solution44 or in vapor phase.45 
Similarly to the sequential deposition in solution, the as-deposited film is 




Fig 1.4 Schematics of the different vacuum deposition methods for hybrid 
perovskite thin-films, shown here in the case of methylammonium lead halides. 
Adapted from Reference 28. 
 
Flash evaporation: an alternative physical method for the deposition of 
hybrid perovskite thin films is the flash evaporation. In this case the 
perovskite is pre-synthesized in the form of powder or as a thin film on a 
metal substrate. In the latter case, it can be deposited by meniscus coating 
on top of a tantalum foil and transferred to a vacuum chamber (Fig 1.4). 
Subsequently, a large current passes through the metal sheet causing the 
material to rapidly evaporate and condense onto a substrate. This 
technique is very versatile since it does not depend on the 
composition/solubility of the material to be evaporated.46, 47 Recently, we 
demonstrated an efficient perovskite solar cell, where the active material 
was deposited by flash evaporation.48 
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All the above mentioned methods can be combined in order to obtain 
materials with desired thickness, properties, and composition. In the first 
chapter of this thesis, a combination of the dual source thermal evaporation 
and the sequential deposition method will be used to prepare a mixed 
halide perovskite. In the rest of the thesis the materials will be prepared via 
dual source thermal evaporation, applied to the deposition of MAPbI3 films, 
which will be incorporated in perovskite solar cells.  
 
1.3 Device architectures 
Perovskite solar cells can be fabricated in several different configurations, 
all potentially leading to high performing devices. This characteristic is 
largely the result of balanced electron and hole mobilities with long 
diffusion length in perovskites, which in turns allows almost all device 
configurations to result in efficient PSCs.  
 
 
Fig 1.5 Schematics of perovskite solar cells in the (a) n-i-p mesoscopic, (b) n-i-p 
planar, (c) p-i-n planar, and (d) p-i-n mesoscopic structures. Adapted from 
reference 49. 
 
The solar cell configurations can be divided into two general groups, 
mesoporous and planar devices. The first demonstration of a PSC reported 
by the group of Miyasaka was a dye sensitized solar cell (DSSC), where the 
traditional organometallic dye was replaced with the perovskite.50, 51 Hence, 
common to these early configurations of PSCs is the use of a mesoporous 
metal-oxide layer (e.g., TiO2 and Al2O3) as the scaffold to deposit the 
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perovskite, as illustrated in Fig 1.5. In these devices, TiO2 is used to collect 
and transport the electrons while a solid state dye (SSD) is used as the hole 
conductor. 52, 53   
As opposite to DSSC, where a mesoporous metal oxide is needed in order to 
have sufficient dye infiltration and hence light absorption, it has been 
shown that perovskite solar cells can also operate in a planar configuration 
(Fig 1.5). In these devices the absorber material is sandwiched between 
electron and hole transport layers, either consisting of metal oxides or 
organic semiconductors. Depending on which transport material (the 
electron or hole transport layer, n- or p-type, respectively) is deposited on 
the transparent electrode, these planar structures are referred to as n-i-p, 
or the inverted, p-i-n. While mesoporous solar cells have been traditionally 
n-i-p, recently p-i-n mesoscopic perovskite devices using NiO front contact 
have also been developed.54, 55 
n-i-p structure 
The mesoscopic n-i-p structure is the archetypical architecture for PV 
devices and has been used to prepare high-efficiency solar cells, now 
exceeding 22%.56 These devices typically consist in a FTO (fluorine doped tin 
oxide) transparent electrode, a 50 - 70 nm thick compact electron transport 
material (ETM, typically TiO2), a 150 - 300 nm thick mesoporous metal oxide 
(mp-TiO2 or mp-Al2O3) that is infiltrated with perovskite. The devices are 
finished with a thick (up to 300 nm) perovskite capping layer, a 150 - 200 
nm thick hole transport layer (HTL, in most reports it consists of a doped 
2,2’,7,7’-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spirobifluorene film, 
spiro-MeOTAD), and a metal anode (Au or Ag). In this structure, the 
mesoscopic layer is thought to enhance charge collection by decreasing the 
carrier transport distance, preventing direct current leakage between the 
two selective contacts and increasing photon absorption due to light 
scattering. The planar n-i-p structure is the natural evolution of the 
mesoscopic configuration, and the materials used very similar. To date, the 
most efficient n-i-p planar device has achieved 19.3% power conversion 
efficiency (PCE), after careful optimization of the interface between the 
indium tin oxide ITO and the TiO2.
57 PCEs exceeding 20% have been 
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demonstrated in our group using doped fullerenes as the front contact in n-
i-p perovskite cells.58 
p-i-n structure 
When the layer order is reversed and the HTL is deposited below the 
perovskite, the device is called “inverted” or, more unequivocally, p-i-n cell. 
Most p-i-n cells use the planar device configuration, and are typically built 
on a thin (< 100 nm) poly(3,4-ethylenedioxythiophene) poly(styrene-
sulfonate) (PEDOT:PSS) conducting polymer film deposited on top of ITO 
substrates. Subsequently, a thin HTL (< 30 nm) can be applied onto the 
PEDOT:PSS prior to the perovskite deposition to ensure selective hole 
extraction. Thick perovskite absorber layers (300 - 600 nm) are usually 
employed, and the devices are completed with a thin ETL (10 - 50 nm), 
usually a fullerene derivative such as [6,6]-phenyl C61-butyric acid methyl 
ester (PCBM), and with a metal cathode. Apart from organic materials, also 
metal oxide such as NiO and NiO/TiO2 have been used in this 
configuration.59, 60 The use of metal oxide HTLs allow to prepare mesoscopic 
p-i-n devices, based on NiO/mp-Al2O3 or c-NiO/mp-NiO.
54, 61 
In this thesis the architecture chosen for the perovskite solar cells is the 
planar p-i-n configuration, using organic semiconductors both as the hole 
and electron transport layers.  
 
1.4 Perovskite solar cell operation 
Upon illumination, the absorption of photons by the active material 
(perovskite) generates electron-hole pairs (i.e. excitons) within a few 
picoseconds. As discussed previously, perovskites such as MAPbI3 present 
low exciton binding energies, leading to the formation of free electrons and 
holes immediately after illumination. These electrons and holes are 
selectively extracted by the hole and the electron transport materials and 
collected at the electrodes. In perovskite solar cells, the mobility of charge 
carriers and the exciton binding energy are two key parameters that control 
the carrier recombination and hence the efficiency of the device. There are 




Fig 1.6 Scheme of the different types of recombination depending on the exciton 
binding energy. Adapted from reference 62.  
 
o non-radiative (trap-assisted) recombination  
The probability of such recombination depends on the density of the 
defects, which are unavoidably present in any material. Most defects induce 
localized energetic states within the bandgap, called electronic traps. Free 
carriers can be captured in traps and, once a carrier of the opposite charge 
comes in the proximity of the same trap, non-radiative (trap-assisted) 
recombination can occur. 
 
o Radiative recombination 
Radiative recombination is the process by which an electron relaxes from 
the conduction band to the valence band with the emission of light. An 









o Non-radiative Auger recombination 
Auger recombination is a higher-order process that occurs when an electron 
and hole recombine and transfer the excess energy to a nearby carrier. 
 
In order to have an efficient charge extraction in perovskite solar cells, non-
radiative recombination should be minimized. For this reason, the amount 
of defects in the perovskite films and in the complete device should be 
reduced. Although the presence, the nature and the distribution of traps 
are still under investigation, it has been shown that polycrystalline MAPbI3 
films present shallow and deep traps.63 Here, as we have discussed before, 
the deposition methods and the different substrates used may influence the 
morphology of the films, hence determining the density of defects in the 
perovskite film. Apart from the bulk or surface of the perovskite film, charge 
recombination can also take place at the interface between the perovskite 
and the transport layers, hence the choice of materials and the optimization 
of their thickness is very important in order to reduce recombination losses. 
It has been shown that under normal solar cell operating conditions, trap-
assisted recombination is the dominant recombination path.64 
 
Solar cells and light-emitting diodes are complementary devices, 
transforming photons into electrons or vice versa. In their simplest form, 
organic light emitting diodes (OLEDs) are electronic devices consisting of a 
thin film of an electroluminescent organic material sandwiched between 
two conductors with different work functions. When an external voltage is 
applied, electrons and holes are injected into the electroluminescent layer 
and when they recombine, light is emitted. It has been demonstrated that 
efficient materials for solar cells, in addition to be good absorbers, must 
also emit light efficiently.65 This is because in such materials the non-
radiative recombination, which is the main loss path in solar cells, is 
minimized. The Shockley-Queisser limit (SQ), describing the maximum 
theoretical efficiency of a solar cell, assumes perfect external quantum 
efficiency of electroluminescence (EQEEL) at open circuit conditions.
65 In 
fact, inefficient EQEEL at open circuit is an indicator of non-radiative 
recombination and optical losses. In view of the above, radiative 
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recombination should be the only recombination process occurring in the 
device, as the non-radiative deactivation would be detrimental for the Voc.
65 
The reciprocity relation allows predicting the photo-voltage by measuring 
EQEEL, which is therefore an additional figure of merit to evaluate the 
performance of perovskite solar cells. From equation 2, we can evaluate the 
relation between the Voc and the external quantum efficiency. 
 
            
  
 
         
                        Equation 2 
 
Where e is the elementary charge, Voc,rad is the maximum voltage in the 
radiative limit, k is the Boltzmann constant and T the temperature. At open 
circuit, an ideal solar cell would emit a photon for every photon that was 
absorbed. Hence, the external luminescence efficiency is an indicator of 
whether any additional loss mechanism (non-radiative recombination) is 
present. By operating the diode in forward bias the perovskite solar cells 
can function as a light-emitting diode (LEDs) and the current density and 
electroluminescence can be measured to derive the EQEEL.
26  
In all of the chapters of this thesis the perovskite solar cells prepared will be 
also characterized as light-emitting diodes, in order to quantify EQEEL. 
 
1.5 Aim of the thesis 
The aim of this thesis is the development of vacuum deposition methods for 
the fabrication of perovskite thin films, and their incorporation into devices 
using organic charge transport layers. The thesis will be structure as follows: 
 Chapter 1: preparation of efficient single-junction perovskite solar 
cells with tunable bandgap using vacuum processed techniques. 
 
 Chapter 2: study the effect of different fullerene derivatives as 
electron transport materials on the performance of perovskite solar 
cells. Additionally, the interface between the fullerene and the 
perovskite is optimized, in order to reduce the non-radiative 
recombination and maximize the photovoltage. 
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 Chapter 3: Interface engineering towards stable electron transport 
materials. Development of a new electrode buffer layer as an 










































































2.1. Fabrication of perovskite solar cells 
Processing, preparation and characterization of the devices were carried 
out in a class 10000 clean-room (Fig 2.1). The preparation of the devices 
consists of the following steps:  
a) Cleaning of the substrates with soap, water and isopropanol in an 
ultrasonic bath, followed by O2 plasma treatment. 
b) Spin-coating of the organic layers, performed inside the clean-room in 
atmospheric conditions. 
c) Deposition of the perovskite layers 
 MAPbI3: dual source vapor deposition technique using MAI and PbI2 
as a precursors. 
 MAPbBr3: two steps deposition technique. Vacuum deposition of 
PbBr2, and conversion into perovskite via solution with MABr. 
d) Thermal vacuum deposition of the cathode and characterization of the 
device under inert conditions in a nitrogen-filled glove box. 
 
Fig 2.1 Nitrogen-filled glove box installed inside the clean-room at the Instituto de 
Ciencia Molecular (ICMol) of the Universidad de Valencia where all the devices 




All devices studied in this work have the following stack architecture: 
ITO/PEDOT:PSS/polyTPD/perovskite/ETL/metal (Ba-Ag or Al). Pre-patterned 
indium tin oxide (ITO) covered glass substrates were used. Poly(3,4-
ethylenedioxythiophene) doped with poly(styrene sulfonic acid) 
(PEDOT:PSS) was obtained from Heraeus Holding and used as received. 
Poly[N,N’-bis(4-butylphenyl)-N,N’-bis(phenyl)-benzidine] (polyTPD) was 
purchased from ADS Dye Source. PbI2 and PbBr2 were purchased from 
Sigma Aldrich, MAI and poly(9,9-bis[3’-(N,N,N-
ethyldimethylammonium)propyl]-fluorene-2,7-diyl) dibromide -alt- (9,9-
dioctylfluorene-2,7-diyl) (PFNBr) from Lumtec and MABr from Dyesol, all of 
them were used as received. All fullerene derivative tested were purchased 
from Solenne BV. The N,N’-bis(dimethylaminopropyl-N’’’-oxide)-perylene-
3,4:9,10-tetracarboxidiimide (PDINO) was synthesized according to a 
previously published protocol by the group of Professor Sastre of the 
University Miguel Hernández.66 
The devices were fabricated as follows. First, a 80 nm thick layer of 
PEDOT:PSS was spin-coated on the ITO glass substrate. The purpose of this 
layer is to smooth the ITO surface, hence improving the reproducibility of 
the devices and preventing the formation of pinholes that can lead to 
shorts. It also increases the work function of the electrode, enhancing the 
hole extraction from the perovskite. On top of PEDOT:PSS a thin film of 
polyTPD (15 nm) HTL was deposited from a chlorobenzene solution (7 mg 
mL-1). Then the substrates were transferred to a vacuum chamber where a 
300 nm thick MAPbI3 perovskite film was deposited by dual-source vapor 
deposition,40 the details of this process step are described in section 2.2.  
For the deposition of the MAPbBr3, we used the two step deposition 
technique, for which a crucible with PbBr2 was heated at 240 ºC and films of 
increasing thickness were deposited. The PbBr2 films were converted to 
perovskite by spin coating a MABr solution in isopropanol. The 
concentration of this solution was increased with increasing thickness of the 
PbBr2 layer. The fullerene layer was spin-coated from a chlorobenzene 
solution (20 mg mL-1) in ambient conditions. When we tested the PDINO 
and PFNBr as interface materials, they were spin-coated from a methanol 
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solution (concentrations of 1 mg mL-1 or 2 mg mL-1, respectively). Finally, all 
devices were completed by the thermal evaporation of the top electrode 
under a base pressure of 2 · 10-6 mbar to a thickness of 100 nm of Ag or 
Ba/Ag (10/100 nm). In general, devices were not encapsulated and were 
characterized inside the inert atmosphere globe box at room temperature. 
 
2.2. Perovskite film deposition 
The vacuum deposition of the perovskite was performed using a vacuum 
chamber integrated in a nitrogen-filled inert glovebox, Fig 2.2. Temperature 
controlled evaporation sources fitted with ceramic crucibles were employed 
to sublime the CH3NH3I and the PbI2. The sources are directed upwards with 
an angle approximately 90o with respect to the substrate. The substrates 
were placed at a distance of 20 cm from the evaporation sources. A shutter 
below the substrate holder is used to control the final perovskite film 
thickness. Three quartz crystal microbalance (QCM) sensors are placed in 
the chamber, two monitoring the rate of each evaporation source and a 
third one at the altitude of the substrate holder.  
 
Fig 2.2 Scheme of the thermal vacuum deposition tool used in the dual source 
evaporation process. 
 
The ceramic crucibles were loaded with the CH3NH3I and the PbI2 and the 








containing MAI was refilled (or cleaned and refilled) with pristine MAI. After 
the base pressure was reached, the CH3NH3I crucible was heated to 75 ºC. 
At this temperature, all three sensors gave a signal. Unfortunately we were 
unable to calibrate the material deposition rate by measuring the thickness 
of a deposited MAI film, as the films were very soft and not homogeneous. 
In order to address this issue, we kept constant the temperature of the 
crucible for this material and adjusted the deposition rate or the PbI2 until 
the right stoichiometry was achieved (monitored a posteriori by optical 
absorption and x-ray diffraction). The total film thickness of the perovskite 
film was monitored using a third QCM sensor placed at the height of the 
substrate holder. 
 
2.3. Characterization of the films 
In order to ensure the perovskite formation and to guarantee the 
reproducibility of the devices, all the films were characterized with the 
following techniques. 
First of all, the thickness of each layer was measured with a contact 
profilometer (Ambios XP-1) on control samples. These measurements allow 
us to optimize the deposition conditions (for example in the case of spin-
coating the spin speed, concentration and solvent of the solution) in order 
to reach the optimum thickness for each layer. Also, as the absorption is 
proportional to the layer thickness, it was used to corroborate the 
profilometer data by measuring the UV-Vis absorption spectrum of the 
films, using an Avantes Avaspec-2048 spectrometer. 
For the characterization of the perovskite layer, a more exhaustive control 
on every deposited film was carried out. Apart from the measurement of 
the layer thickness with the profilometer, every time we have collected the 
absorption spectrum in order to monitor the formation of the perovskite. 
The crystallinity of the vacuum deposited perovskite was investigated by 
grazing incidence X-ray diffraction (GIXRD) measurements which were 
collected at room temperature on an Empyrean PANalytical powder 
diffractometer using the Cu k1 radiation. Typically, three consecutive 
measurements were collected and averaged into a single spectrum. Finally, 
35 
 
the surface morphology of the films was investigated using atomic force 
microscopy (AFM), using a Multimode SPM, Veeco, USA. 
 
2.3. Characterization of the solar cells. 
 
 
Fig 2.3 J-V characteristic of a typical solar cell, highlighting the main parameters 
used in the characterization. The product of Vmp and Jmp is the maximum power that 
the solar cell can deliver. 
 
The parameters used to calculate the efficiency of the solar cells, extracted 
from the current density versus voltage (J-V) curves measured under 
standard AM 1.5 G illumination, are reported here as a reference (Fig  2.3): 
o Current density at short circuit, Jsc. Measured in mA cm
-2, is the 
current density generated by the solar cell when the external 
voltage V = 0 V. Values of Jsc for state-of-the-art PSCs exceed 20 mA 
cm-2. 
 
o Open circuit voltage, Voc. Measured in V or mV, this value 
represents the maximum voltage attainable from the photovoltaic 
device and is measured when the current through the cell is 0 A. The 
value of Voc depends on the bandgap of the perovskite, the energy 
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levels of the charge transport layers, and the work function of the 
electrodes. Record values of Voc for PSC based on MAPbI3 are in 
excess of 1.1 V. 
 
o Maximum power point (MPP): The maximum of the power output 
curve of a solar cell (product of voltage and current density, V x J). 
While the maximum voltage and current attainable are Voc and Jsc, 
respectively, at those extremes the power is zero. Hence at the MPP 
Vmp < Voc and Jmp < Jsc, where Vmp and Jmp are, respectively, the 
voltage and the current of the cell when it is delivering its maximum 
power output. 
 
o The fill factor, FF. Reported as percentage, it essentially measures 
the efficiency of the charge extraction in a solar cell. It is calculated 
as (Vmp · Jmp)/(Voc· Jsc). In short, FF is the ratio of the actual power 
delivered by the solar cell to its theoretical maximum power and 
measures the “squareness” of the J-V curve. Graphically, it is the 
ratio between the areas of the blue and the red rectangles in Fig 2.3. 
State-of-the-art PSCs have FF  80%. 
The power conversion efficiency (PCE, or ) of a solar cell is expressed in 
percentage and calculated using the formula: 
  
           
   
                              Equation 3 
Where Pin is the incident light power (100 mW cm
-2 for standard AM 1.5 G 
illumination). 
In some cases, the solar cells were characterized as light-emitting diodes. In 
this case, in order to make reliable comparisons between different devices, 
we used the common parameters established as indicators of the 
electroluminescence: 
o Electroluminescence  (EL) spectrum: The EL spectrum consists in the 
intensity of electroluminescence as a function of the photon 
wavelength. It gives information on the excited states of the active 
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material and determines the color of the electroluminescence. The 
wavelength corresponding to the maximum of the emission peak of 
the EL spectrum is often reported and indicated as max. 
o Irradiance (μW cm-2): It represents the radiant flux (power, W) 
associated with the light emission per unit of surface in a given 
direction. 
o Current density: The intensity of the current per unit of surface (A 
m-2). 
o External quantum efficiency (EQE): The ratio of the number of 
emitted photons per injected electrons in a device. It depends on 
the charge injection and recombination, on the radiative 
recombination efficiency and on the light outcoupling from the 
device. 
The characterization of the solar cells was performed using two methods. 
External quantum efficiencies (EQE) measurements were performed using a 
white light halogen lamp in combination with band-pass filters (MiniSun 
simulator by ECN, the Netherlands). The perovskite cells were continuously 
illuminated at a defined wavelength and the short-circuit current monitored 
over time. Since the current is expressed as number of electrons (e) over 
time and the amount of available photons at every wavelength is known,  
one can calculate the EQE ratio e/photon. Current-voltage (I-V) 
characteristics were measured using a Keithley 2400 source measure unit 
with and without illumination. The light source was a 10500 solar simulator 
by Abet Technologies. Before each measurement, the exact light intensity 
was set at 100 mW/cm2 using a calibrated Si reference solar cell. The 
current-voltage (I-V) and electroluminescence-voltage (L-V) characteristics 
were collected using a Keithley Model 2400 source measurement unit and a 
Si-photodiode coupled to a keithley Model 6485 picoamperometer, 
respectively. The electroluminescence spectra were recorded using an 
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Silicon solar cells dominate the photovoltaic market, and are also good 
candidates for bottom-cells in tandem architectures, in combination with a 
complementary wide-bandgap solar cell. Apart from silicon, copper indium 
gallium selenide (CIGS) solar cells with a bandgap of 1.15 eV, have been 
investigated as bottom-cells in monolithically-integrated tandem devices.67 
Based on the different simulations made, efficiencies above 35% could be 
achieved with top-cells having a bandgap of 1.7-1.75 eV.68-71 The challenge 
for tandem solar cells is to find a cost-effective and high efficiency wide-
bandgap top-cell. Since the beginning of the perovskite solar cells 
development, they have been considered as potential candidates for top-
cells in tandem devices, thanks to the wide range of desirable properties 
they possess. A unique feature of these materials is their flexibility in terms 
of bandgap energy (Eg), which can be tuned by simple exchange of their 
components. The bandgap of the most widely studied hybrid perovskite, 
MAPbI3, is about 1.55 eV. The MAPbI3 bandgap can be narrowed by 
exchanging methylammonium with formamidinium, leading to a better 
solar spectrum matching and thus enhanced photocurrent when the 
compound is used as absorber in a solar cell.13, 24, 72 Also, the use of 
different alkyl and aromatic ammonium halides modifies the bandgap of the 
resulting 2 or 3D perovskite.73 Due to their bandgaps and the correspondent 
electroluminescence, these mixed alkyl-ammonium perovskites have been 
studied mainly in light-emitting devices.74-77 In order to increase the 
perovskite bandgap, the simplest strategy is the partial or complete 
substitution of the iodide with bromide or chloride.  Although most of the 
studies that have been published are focused on the bromide substitution, 
the replacement with chloride allows to continuously widen the bandgap up 
to 3.2 eV, which correspond to the fully substituted MAPbCl3.
78 The 
complete replacement with bromide allows to reach a bandgap of about 2.3 
eV which, with the proper selection of charge-transporting layers, can lead 
to photovoltaic devices having high Voc, up to 1.5 V.
79 As discussed above, 
the ideal bandgap for the integration with Si and CIGS cells in tandem 
architectures lies in the range of 1.7 to 1.75 eV.68-71 In order to obtain this 
bandgap, the most convenient strategy is to partially substitute the I- by Br- 
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to form a mixed-halide perovskite solar cell (PSC). Several approaches have 
been developed in order to reach this goal, most of which relies on 
controlling the I/Br stoichiometry by varying the relative concentrations of 
the halides precursors in solution.  Noh et al19 were the first to show that 
the bandgap of MAPb(I1-xBrx)3 increases with increasing Br content. In this 
case, they simply spin-coated the proper precursors from DMF solutions. In 
this early study, however, the quality of the films was not high, leading to 
charge recombination losses which were limiting the performance of the 
solar cells. In order to improve the morphology of the films, a sequential 
deposition method was develop by Cheng et al.80 They spin-coated the PbI2 
films and converted them to perovskite by spin-coating with MAI/MABr 
precursor solutions with different molar ratios. They obtained a PCE of 
13.1% for a solar cell employing a perovskite with a bandgap of 1.72 eV. The 
sequential deposition has been widely applied because in this way the 
formation of the inorganic lead halide framework is decoupled from the 
reaction and intercalation with the ammonium halide.35 Physical vapor 
deposition methods for the hybrid perovskite have also emerged, leading to 
high efficiency photovoltaic devices.9, 39, 40, 58 Such techniques have intrinsic 
advantages over solution-based methods, such as, high purity layers, 
compatibility with large area, and fine control over film thickness and 
morphology. Importantly, vacuum methods are additive, meaning that 
multilayer devices can build without chemical modifications of the 
underlying layers. Also, mixed deposition route, where the lead halide is 
deposited by vacuum deposition and the converted to perovskite by 
solution, has also been demonstrated.42, 81 
Although wide-bandgap PSC can be obtained by tuning the halide 
composition, at high bromide content phase segregation into bromide and 
iodide rich domains takes place. This phenomenon is typically light-induced 
and detrimental for the photovoltaic (PV) performance, since the Voc of the 
device is limited by the bandgap of the iodide-rich phase (the one with the 
narrower bandgap). Despite the many studies on the topic, up to now there 




3.2. Mixed iodide-bromide methylammonium lead perovskite 
A novel method to prepare mixed MAPb(I1-xBrx)3 perovskite with different 
bromide content (x) is presented. The method consists in merging two 
stacked perovskite layers, each having its own composition and phase. To 
prepare both layers, vacuum-based deposition techniques are employed. 
The deposition of the MAPbI3 film is done by co-evaporation, followed by 
the evaporation of a PbBr2 layer. The latter is converted into the 
corresponding perovskite by exposure to MABr via solution processing. 
When this bilayer is annealed, halide interdiffusion takes place, producing 
the mixed halide perovskite phase (Fig 3.1). The content of bromide and 
hence the bandgap of the perovskite is controlled by the thickness of the 
MAPbBr3 film. p-i-n diodes were prepared by depositing the perovskite 
bilayers between a hole transporting polymer and a fullerene electron-
transporting layer. 
 
3.3. Experimental methods 
ITO-coated glass substrates were subsequentially cleaned with soap, water 
and isopropanol in an ultrasonic bath, followed by O2 plasma treatment. 
Then, they were coated with a 70 nm thick film of PEDOT:PSS and with a 
thin (15 nm) layer of polyTPD acting as the hole-transporting and electron-
blocking material. Substrates were transferred into a high vacuum chamber 
where 300 nm thick MAPbI3 perovskite films were deposited by dual-source 
vapor deposition, as detailed in section 2.1. Without breaking the vacuum, 
thin films of PbBr2 with different thicknesses were deposited on top of the 
previous perovskite. Finally, the conversion into MAPbBr3 perovskite was 
carried out by spin-coating of an isopropanol solution of MABr onto the 
PbBr2 layers. Optical absorption confirmed the formation of the high 
bandgap perovskite even without any heat treatment (Fig 3.2.c). The 
concentration of this solution was increased for increasing thicknesses of 
the PbBr2. After this, an annealing treatment at 100 ºC for 5 min was 
performed in order to obtain the mixed perovskite MAPb(I1-xBrx)3. A scheme 
of the perovskite preparation is reported in Fig 3.1. To finish the devices a 
thin layer of PCBM was spin-coated from a chlorobenzene solution (20 mg 
mL-1) in ambient conditions. The devices were completed by thermal 
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evaporation of the top metal electrode (10 nm Ba capped with 100 nm Ag) 
under a base pressure of 2·10-6 mbar. The device characterization was 
performed as described in chapter 2.2. 
 
Fig 3.1 Process schematics with the deposition steps used to prepare the mixed 
halide perovskite. 
 
3.4. Results and Discussion 
The formation of the mixed halide perovskite MAPb(I1-xBrx)3 was confirmed 
from optical absorption, as shown in Fig 3.2.a. As the thickness of the top-
deposited MAPbBr3 layer was increased, the onset of the absorption blue 
shifted with respect to the pure MAPbI3 (1.55 eV), as represented in Fig 
3.2.b. The bandgap of the mixed MAPb(I1-xBrx)3 films increased when the 
thickness of the MAPbBr3 was increased. Specifically, with 20, 40 and 60 nm 
thick MAPbBr3 the obtained bandgaps were 1.61, 1.64 and 1.70 eV, 
respectively. When the thicknesses of the second bilayer were 100 and 200 
nm, the bandgap energies increased considerably showing a much steeper 
absorption onset, reaching values of 1.80 and 1.92 eV, respectively. One 
point to take into account is that the onset of the absorption with 20, 40 
and 60 nm thick MAPbBr3 films was not as steep as compared to those 
obtained with 100 and 200 nm layers on top of the MAPbI3. This could be 
attributed to an increased disorder in these films and some extent of phase 














Fig 3.2 (a) Optical absorption spectra for a series of MAPb(I1-xBrx)3 perovskite films 
prepared with increasing thicknesses of the MAPbBr3.(b) Variation of the optical 
bandgap for the same series of MAPb(I1-xBrx)3 films, with the estimated Br content 
(right axis) (c) Optical absorption of a pristine MAPbBr3 perovskite thin film 
obtained by converting a pre-deposited PbBr2 layer by spin-coating with MABr 
solutions in isopropanol. No annealing is needed in order to obtain the pure 
bromide-based perovskite. 
 
The surface morphology of these films was analyzed using atomic force 
microscopy (AFM) and scanning electron microscopy (SEM). As depicted in 
Fig 3.3.a, the surface morphology of the MAPbI3 was compact and 
homogeneous, composed by grains with size on the order of 100 - 500 nm. 
The root-mean-square (RMS) roughness of the sample was 22.1 nm (Fig 
3.3.a). When a thin layer of PbBr2 was deposited on top of the MAPbI3 
perovskite, the surface morphology changed substantially (Fig 3.3.b), 
becoming smoother (RMS = 8.7 nm) due to the presence of very small, 
densely packed grains (< 50nm). After the conversion to MAPbBr3 and 
interdiffusion of the iodide/bromide, the morphology of the perovskite 
changed again. The resulting film surface (Fig 3.3.c) was composed of cubic-
like closely packed crystals, with slightly increased roughness (RMS = 23.0 
nm). These surface characteristics are in agreement with other reported 
previously.42, 45 



































































Fig 3.3 On the top, correspondent evolution of the surface morphology as 
monitored by scanning electron microscopy (SEM, scale bar 500nm). On the 
bottom, atomic force microscopy (AFM) characterization of the (a) MAPbI3, (b) 
PbBr2 and (c) MAPb(I1-xBrx)3. The indexes indicate (i) the surface topography (scale 
bar 1 cm), and (ii) a profile along the scanning direction. 
 
The formation of the mixed halide perovskite was also confirmed by XRD, 
Fig 3.4. A shift of the XRD signal to higher angles in the 2 range 27.5 - 31º 
was observed when the amount of bromide was increased. Such a shift is in 
agreement with the transition from the tetragonal (MAPbI3) to the cubic 
phase (MAPbBr3).
19  For compounds with x = 0.4 and x = 0.6, a minor 
contribution from unconverted MAPbI3 was also observed, see Fig 3.4. A 
reason for this incomplete conversion could be that the thickness of the 
PbBr2 layers was rather high, hindering the interdiffusion of the halide ions 



















































Fig 3.4 X-ray diffraction (XRD) patterns of a series of MAPb(I1-xBrx)3 perovskite thin 
films with increasing Br content (x). 
 
Initially, the perovskite diodes were characterized as solar cells. The 
incident photon to current efficiency, or photovoltaic external quantum 
efficiency (EQEpv, Fig 3.5a) was determined by illuminating them with white-
light halogen lamp in combination with bandpass filters. The EQEpv was 
found to be high (0.7 - 0.8) in the visible range, although it decreased to 0.6 
at wavelengths > 600 nm, due to a decrease of the perovskite absorption 
coefficient in that range. The onset on the spectral response lied in the 
near-infrared, between 750 and 800 nm for the pure MAPbI3. When the 
amount of the bromide was increased, such onset shifted towards lower 
wavelengths, following the trend expected for the bandgap of the materials 
used.  Interestingly, we observed a reduction of the EQEpv, mainly in the 
range between 400 and 600 nm, and this loss was more severe for higher Br 
content (x = 0.4, 0.6), where the EQEpv did not exceed 0.2. This discrepancy 
at the highest amounts of bromide was also observed in the XRD, where a 
minor but clear contribution of pure MAPbI3 was detected. 
























Fig 3.5 (a) EQE, (b) J-V curves under illumination, and (c) zoom on a log scale plot 
on the Voc for a series of solar cells using MAPb(I1-xBrx)3 perovskite with increasing 
content (x). 
 
A similar trend was observed in the current density-voltage (J-V) 
characteristics under illumination (Fig 3.5b), whose main parameters are 
summarized in Table 1. 
The short circuit current followed the trend observed in the EQEpv, 
diminishing when the amount of bromide increased. On the other hand, the 
open-circuit voltage increased, going from 1079 mV for the perovskite cell 








































































based on the pure iodide to 1182 mV for the device with the highest 
bromide concentration. 
Table 1 Composition, optical and photovoltaic parameters for a series of solar cells 
based on MAPbI(1-xBrx)3 
 
The trend in photovoltage is clearly visible in the plot in Fig 3.5c. The 
enhancement of the Voc is a consequence of the larger bandgap when the 
content of bromide is increased. The fill factor, FF, of the different devices 
prepared was quite similar, decreasing drastically only for the device with x 
= 0.6. Again, this sudden drop is in line with the large reduction in the 
photocurrent. Finally, the PCE of the pure iodide perovskite cell was 12.9%, 
which was comparable with similar devices obtained with vacuum 
deposited perovskite and organic transport layers.40 As already noticed, as 
the photocurrent diminished when the amount of bromide increased, the 
PCE of the mixed halide perovskite MAPb(I1-xBrx)3 with x  0.2 decreased, 
although the reduction in photocurrent was compensated with the 
augmented Voc.  
As a result, the device based on the mixed perovskite MAPb(I0.8Br0.2)3, with 
a bandgap of 1.70 eV, still maintained a rather high PCE of 9.3%. For the 
mixed halide perovskite with the highest concentrations of bromide (x = 0.4, 
0.6) the PCE diminished drastically, due to the large decrease in 
photocurrent.  
To further investigate these mixed perovskites, the devices prepared were 














0 0 1.58 1079 16.34 73 12.9
20 0.03 1.61 1114 14.14 65 10.2
40 0.1 1.64 1139 13.14 72 10.8
60 0.2 1.70 1129 11.72 70 9.3
100 0.4 1.80 1175 3.01 71 2.5
200 0.6 1.92 1182 1.78 55 1.2
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sensitive Si-photodiode coupled to an integrating sphere to monitor the 
electroluminescence of the device. 
 
Fig 3.6  (a) Current density (left, symbols) and irradiance (right, lines) versus applied 
bias, (b) normalized electroluminescence spectra (the arrow indicates the blue shift 
for increasing Br content) for the mixed halide perovskite diode series.  
 
In Fig 3.6a, the current density and the irradiance versus the applied voltage 
for the different devices is presented. As expected for the selected device 
layout, the current was governed by a low parasitical leakage current at 
very low voltages, with a transition to a steep increase of the current above 
approximately 0.5 V. After this, two regimes were identified. The first one is 
called diffusion dominated current, typically described by the Shockley 
diode equation.85 Above the built-in potential at about 1.0 V, the current 
density curve is less steep, due to the establishment of a drift current, 
limited by either charge injection or the formation of a space charge. The 
















































































current density reached values higher than 1000 A/m2 at 2.5 V, indicative of 
low carrier injection barriers and good charge transport in the diodes. 
Intense electroluminescence was observed for all devices except for the 
ones with the highest amount of bromide. The turn-on voltage for the 
electroluminescence was found to be approximately 1 V for the MAPbI3 
based devices, similarly to literature reports.86 The turn-on voltage of the 
electroluminescence increased with amount of bromide, reaching values 
close to 1.5 V. The emission spectra also shifted in energy when the content 
of bromide in the perovskite increased (Fig 3.6b). The emission could be 
tuned from 1.62 eV, the emission of the pure iodide perovskite, up to 1.83 
eV for the MAPb(I0.6Br0.4)3. Interestingly, a second emission peak around 
1.62 eV was observed in the spectra for the compound with x = 0.4, 
suggesting an incomplete conversion when a too thick MAPbBr3 was used 
on top of the MAPbI3. This residual MAPbI3 phase did not contribute to the 
optical absorption but could be observed by carefully examining the 
diffraction pattern as minor peaks at 2 of 28 - 30º. These minor peaks 
were present in the diffraction of the mixed perovskites with the highest 
concentration of bromide (Fig 3.4). The presence of a residual iodide-rich 
phase at high bromide content might enhance the carrier recombination 
and is likely responsible for the low performance of the solar cells and the 
inefficient electroluminescence.  
 
Fig 3.7 External quantum efficiency (EQE) for the electroluminescence versus 
applied voltage of a series of diodes employing MAPb(I1-xBrx)3 as the active 
material. 
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The maximum EQE for electroluminescence (EQEEL) of the diodes was found 
to be 0.06 % when the pure iodide was employed, while it decreased 
slightly when the amount of bromide increased (Fig 3.7).  
The ideality factors were calculated in order to obtain further information 
on these mixed halide perovskite devices. The ideality factor of a diode is a 
measure of how closely the diode follows the ideal diode equation: 
          
  
  
                              Equation 4 
Where J0 is the saturation current density,  is the ideality factor, K the 
Boltzmann constant and T the temperature. The ideality factor is a measure 
of the slope of the J-V characteristics on a semi-logarithmic plot and can be 
determined by differentiation according to equation 4: 
   
  
 




                              Equation 5 
 
 
Fig 3.8 Calculated ideality factors for diodes based on MAPb(I1-xBrx)3 with increasing 
Br content. 
 
We calculated the ideality factors from the dark diffusion current below the 
built-in voltage, which varies in the range of 1 to 1.2 V. The ideality factor 
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can be estimated from the plateau of the curve in Fig 3.8. We found values 
of about 1.8 - 2 for the devices based on the pure iodide and for those 
employing mixed-halide perovskite with bromide concentration  0.2. 
Interestingly, the ideality factor for the devices with the highest amount of 
bromide (x= 0.4, 0.6) was lower, about 1.2 - 1.3. In the absence of 
recombination, the ideal diode equation should apply, where the ideality 
factor should be 1. This is also the case for direct recombination, whereas 
trap-assisted recombination can change the ideality factor up to a value of 
2. So, trap-assisted recombination appears to be the main recombination 
pathway in the pure iodide and the mixed halide perovskite with x  0.2. For 
the devices with higher concentration of bromide, the residual MAPbI3 
phase might enhance the direct free-carrier recombination as a 
consequence of its lower bandgap, lowering the corresponding ideality 
factors. 
The trend observed for the materials synthesized in this work could be 
ascribed to the phase segregation in mixed halide perovskites at high 
bromide content. In particular, such segregation would result in the 
formation of a minority phase with a lower bandgap (iodide-rich perovskite) 
within the majority phase. The photo-excited charge carriers can easily be 
trapped in the low-bandgap minority phase, undermining the photovoltaic 
efficiency.21, 82, 87 
 
3.5. Conclusion 
Mixed iodide-bromide methylammonium lead perovskites were prepared 
with a novel method involving vacuum-based processes and interdiffusion 
of two stacked perovskite films. The composition of the final compound was 
controlled by the thickness of the MAPbBr3 deposited on top of the MAPbI3. 
A perovskite with a bandgap of 1.7 eV was prepared, which is particularly 
interesting as a top cell for a tandem configuration with Si or CIGS cells. 
Increasing open-circuits was observed with solar cells with large Br content, 
as well as bright electroluminescence and tunable emission bands when the 
same devices were operated in forward bias. We observed a strong 
decrease in performance for the devices employing perovskites with 
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bromide content above x > 0.2, due to the presence of a residual MAPbI3 
phase. This minority phase was likely to enhance the direct charge 
recombination within these domains. 
 
3.6. Contribution of the author 
L. Gil-Escrig, A. Miquel-Sempere; M. Sessolo; H. J. Bolink. “Mixed Iodide-
Bromide Methylammonium Lead Perovskite-based Diodes for Light 

























































































































Fullerene imposed high open-circuit voltage in efficient 










































The material used as the electron transport layer (ETL) plays a key role in 
the overall solar cell functioning, as it controls the extraction and transport 
of the electrons from the absorber layer to the electrode. At the same time, 
it serves as a hole blocking layer and to suppress charge recombination at 
the interface. Some characteristics of the ETL leading to high photovoltaic 
performances are the high charge mobility, advantageous energy level 
alignment, low trap density, and good (homogeneous) morphology. As 
discussed in the introductory chapter, two main perovskite solar cell 
architectures have been developed so far, the mesoscopic and the planar 
PSCs, which can be further classified in n-i-p and p-i-n configurations. Until 
now, TiO2 has been the most widely used ETL in n-i-p perovskite solar 
cells.39, 88 The advantages presented by this material are: very fast electron 
injection rates from the perovskite to the TiO2, simple fabrication, favorable 
energy level alignment and long electron lifetimes of TiO2.
89 On the other 
hand, TiO2 has a relatively low electron mobility (e < 1 cm
2 V-1 s-1),90 it 
requires high temperature for sintering and typically has a large density of 
trap states. Moreover, its photocatalytic activity under UV illumination 
could undermine the stability of the perovskite solar cells. For these 
reasons, alternative materials such as ZnO or SnO2 have been investigated 
as ETLs in the n-i-p configuration, in view of their higher electron mobility 
compared to TiO2 (the mobility for ZnO is 1 - 5 cm
2 V-1 s-1 and for SnO2 can 
be as high as 250 cm2 V-1 s-1) and their low-temperature synthesis.89, 91-93 
High performance perovskite solar cells have been obtained, indicating the 
potential of these materials. On the other hand, planar n-i-p solar cells 
based on metal oxides usually suffer from a large degree of hysteresis in the 
J-V characteristics. In orders to circumvent these issues, other device 
configurations have been studied, such us the p-i-n or “inverted” structure. 
Most of the p-i-n configuration uses PEDOT:PSS as the hole 
injection/extraction layer. Being a doped conducting polymer, PEDOT:PSS is 
not selective for holes and recombination can occur at the interface with 
the perovskite. For this reason we have adopted the use a thin electron 
blocking layer such as polyPTD in between the PEDOT:PSS and the 
perovskite absorber.40 On the other hand, the choice for the electron 
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transport material (ETM) is rather limited. PCBM is the most widely used n-
type organic semiconductor, due to its adequate electron mobility (6 · 10-2 
cm2 V-1 s-1),94 suitable energy level alignment, and the possibility to be 
processed at room temperature by simple solution processing. Moreover, it 
has been demonstrated that fullerenes can effectively passivate the 
perovskite surface states and alleviate photocurrent hysteresis.9, 95, 96 
Recently, Shao et al have demonstrated one of the best solar cell 
efficiencies (19.4%) using PCBM as the ETL. They highlighted the importance 
of the structural order in the electron transport layers as a means to 
improve the Voc.
97 Apart from PCBM, other C60 derivatives and non-PCBM 
organic materials have been used in p-i-n perovskite solar cells. Jeng et al. 
were the first in adopting different fullerene derivatives in a p-i-n 
configuration. They tested PCBM, C60 and indene-C60 (ICBA) and they 
showed the formation of a donor-acceptor interface at the CH3NH3PbI3/C60 
interface. Importantly, the application of ICBA significantly increased the Voc 
as a consequence of the reduced energy losses at the perovskite interface.98 
Wang et al. reported a high fill factor using a double layer structure 
consisting of PCBM/C60 or ICBA/C60, which they ascribed to passivation of 
traps states. Liang et al. showed a correlation between the electron mobility 
of the fullerene and the performance of the perovskite solar cell. They 
reported efficiencies of 8.06%, 13.37% and 15.44% for ICBA, PCBM and C60, 
respectively, consequence of the fact that the electron mobility in C60 is 
higher compared to PCBM, and even higher than in ICBA.94 Recently, the 
importance of the molecular design of the fullerene derivative when 
employed in perovskite devices has been underlined. ETMs which contain 
lone electron pairs can bind under-coordinated Pb atoms on the perovskite 
surface, efficiently passivating the material.99-101 Moreover, some ETMs can 
effectively modify the work function (WF) of the cathode, improving the 
electron extraction. High PCEs of 17.6% have been reported using C5-
NCMA, as this fullerene derivative presents a higher-lying LUMO compared 
to PCBM resulting in higher Voc.
96 PCE up to 16.6% was obtained with C60-N 
derivative, due to its superior electron-donating properties.102 Finally, other 
alternative organic semiconductors are being investigated as ETMs in 
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perovskite solar cells, although their performances have not yet surpassed 
those obtained with fullerene derivatives.103, 104 
 
4.2. Evaluation of five fullerene derivatives as electron transport materials 
in efficient perovskite solar cells. 
In this chapter, five different commercially available fullerenes are 
evaluated as the hole blocking/electron transport materials in p-i-n 
perovskite solar cells. These derivatives contain longer alkyl esters 
(compared to the methyl ester in PCBM) which would favor the solubility in 
aromatic solvents at room temperature. In fact, at room temperature the 
solubility of PCBM in solvents such as toluene is approximately 20 mg mL-1, 
limiting the achievable layer thickness. In addition, two different fullerene 
derivatives employing a different linker between the fullerene cage and the 
alkyl ester were investigated. Sieval et al showed that these two new 
fullerenes derivatives combine the advantages of PCBM, i.e., good solubility 
and simple processing, with higher Voc due to the slightly lower reduction 
potentials.105 The fullerenes employed are members of two families; [6,6]-
phenyl-C61-butyric acid with methyl (PCBM), butyl (PCBH), hexyl ester 
(PCBB), and indene-C60-propionic acid butyl ester and hexyl ester (IPB and 
IPH, respectively), as depicted in Fig 4.1.b. 
 
4.3. Experimental methods 
Devices (Fig 4.1a) were prepared on cleaned ITO substrates by spin coating 
a thin layer (70nm) of PEDOT:PSS. On top of this a thin film of polyTPD was 
deposited from a chlorobenzene solution (7 mg mL-1). The substrates were 
then transferred to a vacuum chamber integrated in a nitrogen-filled 
glovebox (O2 and H2O < 0.1 ppm). The deposition of the perovskite was 
performed by dual source thermal evaporation using the protocol described 
in chapter 2. The thickness of the perovskite film was about 320 nm in these 
experiments. The fullerene layers were deposited using a chlorobenzene 
solution of 20 mg mL-1 under ambient conditions using spin coating. The 
devices were completed by the thermal evaporation of the metal electrode 
under a base pressure of 2 · 10-6 mbar, to a thickness of 10 nm of Ba and 
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100 nm of Ag. The device characterization was performed as described in 
chapter 2.3. 
 
Fig  4.1 (a) Device layout (b) Chemical structures of the fullerene derivatives, PCBM, 
PCBB, PCBH, IPB, IPH. 
 
4.4. Results and Discussion 
The crystallinity and the absorption spectrum (Fig 4.2) of the MAPbI3 films 
deposited by dual source thermal evaporation were initially analyzed. The 
crystallinity was investigated by GIXRD, and revealed the expected 
diffraction pattern of the tetragonal MAPbI3 perovskite. The absorption 
spectra also confirmed the formation of the perovskite, showing the 
characteristic band-to-band absorption at about 760 nm. 
 
Fig 4.2 (a) XRD pattern and (b) optical absorption spectrum for the vacuum 
deposited perovskite film (thickness 320 nm).  
 
The main difference between the fullerene derivatives (PCB-R and IP-R) is 
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R= butyl - PCBB
R= hexyl - PCBH
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increasing their solubility. In Fig 4.3 one can easily differentiate the two 
families of fullerenes, as the PCB-R show a higher absorption in the 350 - 
450 nm range. Films of C60 are also known to show similar absorption tails 
at lower energies.106 Furthermore, the IP-R films have only one absorption 
peak with a maximum around 325 nm whereas the PCB-R films present two 
peaks with maxima at 300 and 350 nm, due to the differences in the 
chemical structure among the two classes of compounds. 
 
Fig 4.3 Optical absorption spectra for thin films of the five different fullerenes 
deposited on quartz. 
 
AFM was employed to study the surface morphology of the different ETMs 
deposited on the perovskite films, as shown in Fig 4.4. It was observed for 
all fullerene derivatives that the calculated RMS roughness values were 
rather low. Although there were not large differences, the surface 
topography appeared more homogeneous and flat for PCBB and the IP-R 
compounds. This was corroborated at a larger scale by optical microscopy, 
as reported in Fig 4.5. Interestingly, when PCBM was processed on top of 
the perovskite films, large defects appeared on the surface, which are likely 
leading to charge recombination when the material is used in a diode. 



























Fig 4.4 AFM topographies of a) PCBM, b) PCBH, c) PCBB, d) IPB and e) IPH thin 
films. 
 
A better solubility of the alternative fullerene derivatives led to films with 




Fig 4.5 Optical microscopy images of the fullerene layers deposited on top of the 
perovskite: i) PCBM, ii) PCBH, iii) PCBB, iv) IPB and v) IPH. 
PCBM RMS: 2.65 nm PCBH RMS: 2.48 nm PCBB RMS: 0.903 nm
IPB RMS: 2.04 nm IPH RMS: 1.71 nm
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The ETL series was hence incorporated in perovskite diodes and 
characterized under illumination and in forward bias to test their 
electroluminescence. The external quantum efficiency (EQEpv, Fig 4.6) of the 
diodes was found to be rather independent on the ETL used, with a sharp 
increase at 770 nm in agreement with the perovskite absorption spectrum. 
As the MAPbI3 strongly absorbs in the visible spectrum, the EQEpv was as 
high as 0.7 in this range, while it diminished at wavelengths > 600 nm, 
where the perovskite is weekly absorbing (EQEpv ~ 0.6). Slightly higher EQEpv 
values were obtained when using the IPH as the ETL. 
 
Fig 4.6 External quantum efficiency (EQEpv) of the different diodes. 
 
The J-V curves in the dark and under 1 sun illumination were collected. In 
the inset of Fig 4.7a, the dark current density versus voltage curves are 
shown for the whole device series. All J-V curves were similar independently 
of the fullerene employed, with a low parasitic leakage current indicating a 
high diode quality. The very similar behavior among the devices is 
interesting, as it implied that the large defect observed in Fig 4.5 after the 
deposition of the PCBM on top of the perovskite did not lead to direct 
ohmic contact between the Ba/Ag electrode and the perovskite.  
The solar cell characteristics under approximately 1 sun illumination for the 
series of devices are shown in Fig 4.7a. No hysteresis was detected for any 
of the devices prepared when a scan speed of 0.01 V s-1 was used. 



















Fig 4.7 Electrical characterization of the solar cells employing different fullerenes: 
(a) current density versus voltage under 1 sun illumination and in the dark (inset); 
(b) zoom around the Voc of the J-V curves on a log scale plot for the solar cell series. 
 
No clear trend in the fill factors (FF) was observed with the different 
fullerenes employed, all of them lying between 75 and 80% (Fig 4.8). The 
high FF implies a good charge extraction up to voltages close to the Voc. The 
short-circuit current of the solar cells was found to be higher in devices 
employing IPH as a ETL, in agreement with the trend observed previously 
with the EQEpv (Fig 4.6). It is interesting to note that lower values were 
obtained for the devices with PCBM, likely due to the defects observed on 
the device surface, which might lead to charge recombination. 
























































































Fig 4.8 Photovoltaic parameters (Jsc, Voc, FF, PCE) of the different fullerenes for > 8 
devices per each configuration. 
 
The Voc values obtained were higher (10 - 20 mV) for the devices employing 
the IP-R derivatives. This in line with their lower reduction potential when 
compared to the PCBM, as reported by Sieval et al.105 Due to the higher 
current density and open circuit voltage, the devices using IPH as the ETL 
exhibited the highest power conversion efficiencies, up to 14.6% for the 
record cell.  
The increase of the Voc might also be related to a decrease of the non-
radiative recombination of the charge carriers in favor of radiative 
recombination. As highlighted previously, the radiative recombination 
should be the only recombination process occurring in a solar cell.65 By 
measuring the EQEEL, it is possible to estimate the recombination losses in 
the devices. Hence, the perovskite diode series with the different fullerene 
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voltages (above Voc), and the electroluminescence was monitored using a 
sensitive Si-photodiode coupled to an integrating sphere. 
 
Fig 4.9 (a) Current density and irradiance versus the applied voltage and (b) 
corresponding external quantum efficiency (EQEEL) for diodes employing different 
fullerene derivatives. 
 
The current density and electroluminescence characteristics as a function of 
the applied bias for all devices are presented in Fig 4.9a. Intense 
electroluminescence was observed in all the devices prepared, with slightly 
differences depending on the fullerene used, and the turn-on voltage for 
the electroluminescence was found to be as low as 1 V, similar to literature 
reports.74, 77, 86 The EQEEL of the diodes did change depending of the 
fullerene derivative employed. For the PCBM-based cells, the value 
obtained was similar to previous reports.74, 77, 86 The EQEEL for the diodes 
































































employing the other fullerenes was found to be higher compared to PCBM, 
with the highest value (about 0.12%) measured for the devices using the IP-
R fullerenes. Interestingly, these two fullerenes were the ones leading to 
the larger Voc, suggesting that the enhanced performance can at least 
partially be attributed to a reduction of non-radiative recombination. 
 
4.5. Conclusion 
In this chapter, five different fullerenes derivatives (PCBM, PCBH, PCBB, IPB, 
and IPH) were evaluated as the electron transport and hole blocking layer in 
p-i-n perovskite diodes. The layers prepared with fullerenes with longer 
alkyl chains presented fewer defects as compared to PCBM. Among these, 
the devices employing the IP-R derivatives resulted in larger current density 
and open circuit voltage, leading to higher efficiencies. The increase of the 
Voc was accompanied by an improvement of the external quantum 
efficiency of the electroluminescence, suggesting a reduction of the non-
radiative recombination in solar cells using IP-R derivatives as electron 
transport materials. 
 
4.6. Contribution of the author 
L. Gil-Escrig; C. Momblona; M. Sessolo; H. J. Bolink. “Fullerene imposed high 
open-circuit voltage in efficient perovskite based solar cells” J. Mater. 




































































































































Interface engineering in efficient vacuum deposited 





























The difference in energy between the work function of common electrode 
metals, such as Ag, Au or Al, and the lowest unoccupied molecular orbital 
(LUMO) of electron transport materials such as PCBM, can hinder efficient 
charge injection and extraction in organic optoelectronic devices.107, 108 
Ideally, an ohmic contact between the electrode and the electron transport 
material should be attained, by minimizing the energy barrier at the 
interface. In some cases, the deposition of metals such as Al onto fullerenes 
can lead to a chemical reaction at the interface and to the formation of an 
insulating layer between the cathode and the ETL, causing a rapid 
degradation of the device performance.109  Extensive work has been carried 
out in order to find interlayers able to reduce the energy mismatch 
between the LUMO of fullerenes and the work function of the metal 
cathode, while also functioning as a protection to avoid diffusion of the 
thermally evaporated metal into the organic materials. In perovskite solar 
cells, metal oxides (TiO2, ZnO) have been widely investigated as ETLs in n-i-p 
configurations.55, 110 Moreover, they have also been studied as interlayers 
between the fullerene ETL and the cathode in p-i-n cells, with promising 
performance and stability. Docampo et al. showed the potential of using a 
compact film of TiO2 deposited from solution in between PCBM and Al, 
obtaining efficiencies up to 9.8%.110 In a similar manner, Bai et al. 
integrated ZnO nanocrystals at the cathode interface, which enhanced the 
electrical contact and the cell-to-cell reproducibility, as well as their 
environmental stability.111 In general for perovskite solar cells there has 
been a large effort in identifying new interfacial materials, as perovskites 
are more prone to surface recombination.95 In particular, efforts are 
directed towards the passivation of defects at the perovskite surface and 
especially at the grain boundaries. Min et al112 first demonstrated the 
potential of a perylene-diimide derivative to modify the PCBM/Ag interface, 
showing a remarkable PCE of 14%. Other organic materials have been used 
to reduce the contact resistance and the interfacial charge recombination, 
improving in this way the charge extraction. Among these, bathocuproine 
(BCP) is commonly used in combination with fullerenes,55 while bis-C60 
surfactant,113 amino-functionalized polymers (PN4N)114 or titanium 
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(diisopropoxide) bis(2,4-pentanedionate) (TIPD) buffer layers115 have also 
been used in perovskite cells. Some polyelectrolytes (e.g., PEIE, P3TMAHT) 
were introduced at the interface in order to create a quasi-ohmic contact, 
as a consequence of the formation of interface dipoles with a negative 
charge on Ag.116 Finally, thin interlayers such as LiF or low work function 
metals such as Ba/Ca are also used in order to ensure an ohmic contact and 
efficient charge extraction.117, 118 These materials are, however, very 
reactive towards air and oxygen, hence the devices must be rigorously 
encapsulated to avoid rapid degradation. 
 
5.2. Interface engineering in efficient perovskite solar cells 
In this chapter, the effect of combining a fullerene ETL with ionic electron 
extraction interlayers in p-i-n perovskite solar cells is discussed. The two 
ionic interlayers presented in this work are a perylene diimide with N-oxide 
as the terminal groups (PDINO)66, 112 and a conjugate polyelectrolyte, 
PFNBr119, 120, whose structures are reported in Fig 5.1. Both materials are 
soluble in polar solvents and can therefore be deposited onto the fullerene 
ELT by spin-coating, prior to the deposition of a metal cathode. The 
fullerene derivative employed in this work is IPH, which was selected 
following the study presented in the previous chapter.121 In addition, in this 
chapter we show that an electron blocking layer in between the PEDOT:PSS 
and the perovskite is needed to guarantee high performing devices.  
 
5.3 Experimental methods 
PEDOT:PSS was spin-coated on top of clean ITO substrates and annealed at 
150 ºC for 15 min. A thin film of polyTPD was subsequently deposited from 
a chlorobenzene solution (7 mg mL-1). Hence the substrates were 
transferred to a vacuum chamber integrated in a nitrogen-filled glovebox. 
The deposition of the perovskite was carried out by dual source thermal 
evaporation using the protocol described in chapter 2.2. The IPH films were 
deposited by spin coating its chlorobenzene solution (20 mg mL-1) in air. 
Hence, a thin layer of PDINO or PFNBr was spin coated from methanol 
(concentrations of 1 mg mL-1 or 2 mg mL-1, respectively) on top of the 
fullerene layer. The devices were completed with the thermal evaporation 
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of the top electrode (either 100 nm Ag or 10 nm Ba capped with 100 nm Ag) 
under a base pressure of 2·10-6 mbar. The device characterization was 
performed as described in chapter 2.2. 
 
5.4. Results and Discussion 
Fig 5.1a depicts the p-i-n device structure employed, with the molecular 
structures of the ionic interlayers, PDINO and PFNBr. 
 
 
Fig 5.1 Schematics of the p-i-n perovskite solar cell with the molecular structures of 
PDINO and PFNBr. 
 
The formation of the MAPbI3 perovskite phase was confirmed by GIXRD 
measurements and optical absorption (Fig 5.2). 
Fig 5.2 (a) GIXRD pattern and (b) optical absorption spectrum of the vacuum 
deposited perovskite film (320 nm), with preferred orientation along (100) and 












































First of all, the effect of the polyTPD electron blocking layer on the device 
performance was studied. Fig 5.3a shows the J-V curves in the dark. Both 
devices presented the typical behavior of a diode and similar leakage 
current, although the device without the electron blocking layer showed a 
lower built-in potential and a higher current density compared with the one 
with polyTPD. 
 
Fig 5.3 (a) J-V curves in the dark and (b) calculated ideality factor for devices with 
and without polyTPD. The electron extraction used for these cells is IPH/Ba-Ag. 
 
The minimum of the current density was found not to be at V = 0 V, most 
likely due to partial charging of the cells during the voltage sweep, when 
some charges accumulate at one of the device interfaces. In order to study 
the differences among these diodes, we calculated the ideality factor (η, Fig 
5.3b). As described chapter 4, in the absence of recombination, the ideal 
diode equation should apply, where η equals unity. This is also the case for 
direct recombination, whereas trap-assisted recombination can change the 
ideality factor up to a value of 2.85 From Fig 5.3b, we could observe that the 
device without polyTPD presented a η value close to 1, suggesting direct 
recombination taking place at the PEDOT:PSS contact, whereas for the 
device with electron blocking layer, the recombination at the interface was 
mainly trap-assisted recombination (η~ 2), in agreement with previous 
reports on similar devices.85 Fig 5.4 shows the current density vs voltage 
curves measured under illumination for the same device series and the 
corresponding EQE. 













































Fig 5.4 J-V curves under illumination for devices with and without polyTPD, using 
IPH/Ba-Ag as electron extraction layer. The inset shows the corresponding 
photovoltaic external quantum efficiency (EQEpv). 
 
Also the J-V curves under illumination suggest a significant recombination of 
the photogenerated charge carriers when no electron blocking layer is 
deposited below the perovskite. In fact, the device showed a lower Voc (0.88 
V) compared to the solar cells employing a polyTPD layer (1.1 V). In 
addition, polyTPD has a larger ionization potential compared to PEDOT:PSS, 
which helps maintaining the device photovoltage. The direct recombination 
and the lower built-in potential in the polyTPD-free device also affect the 
FF. Likewise, the photovoltaic external quantum efficiency (EQEPV) was 
substantially reduced in the cells without polyTPD, resulting in lower 
current densities. Another possible explanation for the lower performance 
in the devices without polyTPD could be the chemical reduction of the 
PEDOT:PSS when the methylamine (MA) is present in the atmosphere. It 
has been reported that after the reduction, a strong absorbance band 
appears at 400-1100 nm and the conductivity and work function 
simultaneously decrease.122 This PEDOT:PSS reduction leads to a poor hole 
collection, with low Voc , Jsc and hence PCEs in the perovskite solar cells. 
These findings could be more critical in the dual-source vapour deposited 
perovskite based solar cells, as it is more likely that part of the MAI 
degrades to MA and hydroiodic acid (HI). Within this view, the additional 





































polyTPD layer would protect PEDOT:PSS from interacting with the 
perovskite precursors.  
 
Fig 5.5 Flat energy band diagram for the materials used in the device preparation 
(b) Optical absorption spectra of both electron extraction layers on quartz 
substrates. 
 
As mentioned before, Ba is a very reactive metal that will affect the long-
term stability of the solar cells if not rigorously encapsulated. In order to 
substitute it while maintaining a good energy level alignment between the 
IPH and Ag, we investigated two different interface materials, PDINO and 
PFNBr. The energy levels of the PDINO and PFNBr are reported in Fig 5.5 
and were taken from the literature.66, 123 In PDINO the presence of amino N-
oxide groups introduce a dipole moment at the metal/organic interface, 
lowering the effective metal work function and hence facilitating the 
electron transfer from the IPH to the Ag electrode. In addition, the HOMO 
energy of the PDINO was estimated to be −6.2 eV, which is sufficiently large 
to avoid hole-electron recombination at the cathode. Similarly, when the 
PFNBr layer was used at the cathode interface, mobile charges could 
redistribute under the applied bias forming dipoles, improving the charge 
transfer and reducing the recombination at the interface.124 
The absorption spectra of thin films of these two materials are reported in 
Fig 5.5 b. A broad absorption was observed for the PDINO, due to the strong 




























































band in the UV-blue region of the electromagnetic spectrum appeared in 
the absorption spectrum of PFNBr. As discussed in previous chapters, in 
order to obtain high efficiency solar cells it is essential to obtain good 
quality perovskite films and a homogeneous coverage of the interface 
materials. Here, we studied by AFM the surface morphology of the IPH and 
IPH coated with the PDINO and PFNBr deposited on top of the perovskite. 
 
Fig 5.6 Atomic Force microscopy (AFM) characterization of the surface of a) IPH b) 
IPH/PDINO and c) IPH/PFNBr. All films are deposited onto an 
ITO/PEDOT:PSS/MAPbI3 stack. 
 
The topography of the IPH layer deposited onto the perovskite film was 
very flat and homogeneous, as also presented in the chapter 4. The RMS 
was as low as 0.8 nm. After the deposition of the two ionic interlayers, the 
RMS was only slightly increased to 1.4 nm for the PDINO and 1.5 nm for the 
PFNBr, with good surface coverage. While the morphology was maintained 
when the PDINO was deposited onto the IPH, PFNBr layers were composed 
of very fine grains with a higher peak-to-peak roughness (RPTP) of 11.3 nm, 
as compared to the other ETLs (RPTP =5.0 nm for the IPH and 10.8 nm for the 
IPH/PDINO). Still, in both cases the layers were sufficiently smooth, allowing 
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Fig 5.7 (a) J-V curves under 1 sun illumination for the devices employing different 
cathode interlayers; the inset shows the J-V curve collected in the dark. (b) External 
quantum efficiency (EQEPV) of the same diodes series. 
 
Devices employing the two different electron extraction layers (PDINO and 
PFNBr) and a reference with IPH/Ba-Ag were characterized by measuring 
the J-V curves both in the dark and under 1 sun illumination. 
The inset in Fig 5.7a shows the dark J-V characteristics of the three devices, 
which were essentially identical. All of them present a low leakage current, 
indicative of the absence of large defects in the films and of the good 
quality of the diodes, in agreement with the AFM analysis. The J-V curves 
under 1 sun illumination are presented in Fig 5.7a for the three cell 
configurations. All of them showed good FF values ranging from 74 to 77, 


























































indicating a good charge transport and extraction within the diodes (see 
table 2). 
Table 2 Average photovoltaic parameters for the devices using different electron 
extraction layers. 
 
The Voc values were also rather high, about 1.1 V, in agreement with the low 
reduction potential of the IPH. No clear trend was observed, but lower FF 
and Voc were obtained when employing the PFNBr interlayer, perhaps due 
to the slightly rougher surface observed by AFM. The main difference 
between the device series was the short circuit current density, with lower 
values obtained for the devices employing Ba/Ag as the electrode. The 
EQEPV measured between 650 and 770 nm for the Ba-Ag devices is lower 
(EQEPV ~ 0.6) compared to those obtained with PDINO and PFNBr (EQEPV ~ 
0.8). As a consequence of the use of Ba (which has a lower reflectance than 
bare Ag), the solar cell has a different optical interference and light 
absorption profile. The lower EQEPV in the red part of the spectra most likely 
originated from an altered optical-field distribution within the perovskite 
absorber. In all of the devices the EQEPV obtained in the visible range were 
similar (0.7 - 0.8). The highest power conversion efficiencies were obtained 
with PDINO as the cathode interlayer, with average values of 14.3%, and a 
record cell with PCE of 15.2%. All solar cells parameters are summarized in 
table 2 and the spreading of the data depicted in Fig 5.8. 
Voc (mV) Jsc
(mA/cm2)
FF (%) PCE (%)
IPH/BaAg 1102 16.16 77 13.7
IPH/PDINO/Ag 1101 17.03 76 14.3




Fig 5.8 Statistics of the PCE measured for the different electron extraction layers 
used. 
 
Finally, the diodes were driven under forward bias at moderate voltages 
(above Voc, Fig 5.9) in order to study their electroluminescence. The current 
density was observed to be similar for all devices, with values higher than 
100 mA/cm2 at 2 V, indicating a low injection barrier and efficient charge 
transport in the diodes. The electroluminescence rapidly increased at 
applied bias of about 1 V, in agreement with irradiance values reported 
elsewhere.74, 77, 86 Among the devices, both the current density and 
irradiance for PFNBr were found to be lower, in agreement with the 
hindered charge transport/extraction observed under illumination. The 
external quantum efficiency for electroluminescence (EQEEL) of the different 
diodes was also evaluated.  
As presented in the previous chapter, the EQEEL value obtained with the IPH 
fullerene was 0.12%, while for the PCBM was as low as 0.04%. Interestingly, 
higher EQEEL (0.15%) were obtained for the devices with PDINO and PFNBr 
layers. This increase of the radiative efficiency suggested a reduction of the 
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non-radiative recombination pathways when a proper interlayer was used 
between the ETL and the cathode. 
 
Fig 5.9 (a) Current density and irradiance versus voltage applied and (b) External 
quantum efficiency versus the voltage applied for the devices with different 
electron extraction layers. 
 
5.5. Conclusion. 
In summary, this chapter investigated the charge transport interfaces in p-i-
n vacuum deposited perovskite solar cells. It was found that it is crucial to 
use an electron blocking/hole transport layer in between the PEDOT:PSS 
and the perovskite film in order to maintain the photovoltaic performance. 
This was due to the direct recombination of photogenerated charges at the 
PEDOT:PSS/perovskite interface when no polyTPD layer was added in 
between. On the electron transport side, we evaluated two different 









































































electron extraction interlayers, PDINO and PFNBr. In both cases, high 
performances were achieved, similar or even higher to those employing low 
work function metals such as Ba. This effect was due to the favorable 
dipoles introduced by the charged molecules. As a consequence, a 
reduction of the non-radiative recombination at the electron injection 
interface was observed. 
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The aim of this thesis was the development of materials and thin-film 
deposition techniques for the fabrication of vacuum deposited perovskite 
solar cells. The role of the interface between the perovskite and the charge 
transport materials has been studied in details, highlighting the importance 
of reducing non-radiative recombination at the interface in order to 
maintain a high photovoltage. 
In chapter 3 a novel approach to prepare mixed iodide-bromide perovskites, 
using vacuum deposition techniques, was presented. The amount of 
bromide in the mixed halide compound was controlled by the thickness of 
the MAPbBr3 perovskite deposited on top of the MAPbI3 perovskite. Solar 
cells using a perovskite with a bandgap of 1.7 eV were prepared, leading to 
promising power conversion efficiency, which is particularly interesting as 
they can be applied as top cells in a tandem configuration with Si or CIGS 
cells. We also established a limit for the full interdiffusion of the two 
separate perovskite films, above which the carrier recombination in the film 
dominates the device behavior, decreasing the photovoltaic performance.  
The importance of the selection of a suitable electron transport layer was 
highlighted in chapter 4. In this work, the perovskite layer was deposited by 
dual source thermal evaporation. Five different fullerene derivatives with 
different alkyl chains were tested in a p-i-n configuration. The layers of the 
fullerene derivatives with longer alkyl chains presented fewer defects when 
deposited on top of the perovskite film. As a result, these fullerenes lead to 
enhanced performances when used in solar cells, essentially due to an 
improvement of the Voc. By measuring the devices as light-emitting diodes, 
an improvement of the external quantum efficiency for 
electroluminescence was achieved when fullerenes with longer alkyl chains 
were tested, indicating a reduction of the non-radiative recombination. 
Hence, these fullerene derivatives are very promising as cathode interlayers 
in perovskite solar cells. 
The electrode interfaces were further studied in chapter 5, again using p-i-n 
perovskite solar cells. First, the importance of using an electron blocking 
layer between the perovskite and the PEDOT:PSS was discussed. In the 
absence of the polyTPD layer, severe charge recombination was observed at 
the PEDOT:PSS interface, leading to poor performances in the perovskite 
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solar cells. In addition, two different cathode interlayers were evaluated as 
candidates to substitute low work function metals electrodes. Enhanced 
efficiencies were obtained when a thin layer of PDINO or PFNBr was 
deposited by solution processing in between the fullerene and Ag electrode. 
The formation of interfacial dipoles helps the charge transfer from the IPH 
to Ag reducing charge recombination at that interface. This reduction was 
confirmed by electroluminescence measurements on the same devices, as 
the EQEEL using the PDINO and the PFNBr layers was much higher compared 














































































Capítulo 1: Introducción 
1.1. Introducción 
El consumo global de energía está en continuo crecimiento. Por esta razón, 
es necesario encontrar fuentes de energía limpias, baratas y renovables, 
que supongan una alternativa viable frente a los combustibles fósiles, como 
son el gas, el petróleo o el carbón. Una posible alternativa es la tecnología 
fotovoltaica. En este ámbito, las células solares de silicio representan la 
tecnología más madura, tanto a nivel tecnológico como comercial. Sin 
embargo, a pesar de ser eficientes y estables, su precio elevado (debido 
esencialmente al coste de producción) sigue impulsando la búsqueda de 
tecnologías alternativas. En los últimos años ha empezado a desarrollarse 
una nueva generación de células solares muy prometedoras, basadas en la 
perovskita orgánica-inorgánica (híbrida) como material absorbente de luz. 
Las perovskitas híbridas de plomo deben su nombre a la estructura 
cristalina (3D) generalizable mediante la fórmula ABX3, donde A es un catión 
orgánico, B es un metal divalente (Pb2+) y X es un anión haluro. Esta 
estructura consiste en un retículo de octaedros de haluro de plomo (PbX6) 
unidos por los vértices, intercalados con cationes orgánicos. Si el catión es 
bastante pequeño para caber en la cavidad determinada por cuatro 
octaedros plomo-halógeno (lo cual ocurre solo si A es cesio, metilamonio o 
formamidinio), se forman estructuras tridimensionales (3D) estables. Si el 
catión orgánico es más grande, la estructura tridimensional colapsa en una 
bidimensional, donde láminas de tetraedros de plomo-halógeno (PbX4) se 
alternan con capas de moléculas orgánicas. Aunque las estructuras 2D 
presenten interesantes características optoelectrónicas, en esta tesis se han 
estudiado solo perovskitas 3D. Dentro de la familia de las perovskitas 3D, la 
más investigada ha sido el ioduro de metilamonio y plomo (MAPbI3), debido 
a sus excepcionales propiedades fotovoltaicas. 
Las perovskitas híbridas de plomo presentan una gran variedad de 
propiedades, que las hacen ser muy interesantes para su aplicación en 
sistemas fotovoltaicos. Algunas de ellas son: 
o Alto coeficiente de absorción 
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o Baja energía de enlace de los excitones 
o Fácil control del ancho de banda de los materiales 
o Buena movilidad de electrones y huecos 
o Alta constante dieléctrica 
1.2 Técnicas de deposición 
Las perovskitas híbridas presentan la ventaja de poder ser depositadas en 
capa delgada mediante numerosos y diversos métodos de preparación, que 
pueden dividirse en dos clases: métodos de deposición por disolución y de 
alto vacío. 
Métodos por disolución (Figura 1.3) 
 Deposición en un solo paso  
 Deposición en un solo paso con anti-disolventes  
 Deposición secuencial por spin-coating 
 Deposición secuencial por inmersión 
Métodos de alto vacío (Figura 1.4) 
 Co-evaporación 
 Evaporación flash 
 Evaporación secuencial 
En esta tesis, el principal método de deposición empleado es la co-
evaporación, aunque en el primer capítulo se emplea una combinación de 
dos métodos, la co-evaporación y la deposición secuencial, para la 
preparación de una perovskita mixta de yodo-bromo. 
1.3 Arquitectura del dispositivo 
La eficiencia de las células solares de perovskita depende en gran medida de 
la calidad de la capa depositada, cuya morfología viene determinada por el 
método de deposición y el tipo de sustrato empleados. Además, la 
arquitectura del dispositivo juega un papel importante a la hora de 
determinar la eficiencia de extracción de carga. La arquitectura del 
dispositivo se puede dividir en dos clases: p-i-n y n-i-p. En células p-i-n, el 
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material transportador de huecos (de tipo p) se deposita en el sustrato 
transparente debajo de la perovskita, y a continuación se deposita una capa 
transportadora de electrones. Finalmente, se evapora el cátodo (Ag, Al) 
para completar el dispositivo. Los materiales más utilizados en este tipo de 
configuración son polímeros conductores (PEDOT:PSS, polyTPD, etc.) como 
transportadores de huecos y el fullereno o sus derivados (PCBM) como 
transportadores de electrones.  
Dentro de la configuración opuesta, n-i-p, existen dos tipos de estructuras: 
la plana y la mesoporosa, dependiendo de la estructura del material 
transportador de electrones (de tipo n) que se deposita sobre el sustrato 
transparente. En general, en esta configuración los materiales más 
empleados son el óxido de titanio (TiO2) como transportador de electrones 
y el spiro-MeOTAD como transportador de huecos. 
En esta tesis, se utiliza la configuración p-i-n para la fabricación de las 
células solares de perovskita. 
1.4. Células solares de perovskita 
En una célula solar el material fotoactivo absorbe luz generando pares de 
electrones y huecos, que son separados y extraídos hacia los electrodos por 
los materiales transportadores de tipo n y p, respectivamente. Para que una 
célula solar sea altamente eficiente, el material activo tiene que presentar 
una baja energía de enlace excitónica y una alta movilidad de las cargas. 
Estos dos parámetros son importantes porque determinan el tipo de 
recombinación de las cargas. Existen tres clases de recombinación en los 
materiales semiconductores (Figura 1.6): 
- Recombinación no radiativa por defectos 
- Recombinación radiativa 
- Recombinación Auger no radiativa 
En las células solares, para la obtención de altas eficiencias, la 
recombinación no radiativa tiene que ser minimizada y por ese motivo se 
tiene que reducir al mínimo la cantidad de defectos que haya en la capa de 
perovskita como en el resto del dispositivo. De ahí, la importancia de la 
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optimización de los métodos de deposición de la capa de perovskita, así 
como de la arquitectura elegida para fabricar el dispositivo. 
Las células solares y los diodos orgánicos emisores de luz (OLEDs, del inglés 
organic light-emitting diodes) son dispositivos complementarios. Los OLEDs  
son dispositivos multicapa donde una capa de material orgánico 
electroluminiscente está intercalada entre capas de semiconductores 
orgánicos. 
Los materiales óptimos para células solares tienen que ser buenos emisores 
de luz, además de presentar un alto coeficiente de absorción. En 
condiciones de circuito abierto, donde no se genera corriente, todas las 
cargas generadas recombinan. El voltaje de circuito abierto (Voc) de la célula 
solar será máximo cuando todos los procesos de recombinación que 
ocurren en el dispositivo sean radiativos, y en ese caso la 
electroluminiscencia de la célula solar será también máxima. Debido a que 
todas las cargas se recombinarán radiativamente, el flujo de fotones 
absorbidos será igual al flujo emitido. Esta relación de reciprocidad permite 
predecir el Voc, midiendo la eficiencia cuántica externa (EQE) de 
electroluminiscencia de los dispositivos. Por ese motivo, a lo largo de esta 
tesis se caracteriza tanto la eficiencia fotovoltaica como la 
electroluminiscencia de las células solares de perovskita. 
1.5. Objetivos de la tesis 
El objetivo de la tesis es el desarrollo de materiales y métodos de 
deposición de capas de perovskita utilizando procesos de alto vacío, 
principalmente mediante co-evaporación. Para la fabricación de los 
dispositivos, se han empleado y optimizado diferentes materiales 
transportadores de electrones y de huecos. La tesis está estructurada de la 
siguiente manera: 
 Capítulo 1: Se desarrolla un método de deposición novedoso para la 




 Capítulo 2: Se presenta el estudio de diferentes derivados del 
fullereno como materiales transportadores de electrones para 
conseguir células solares de perovskita de alta eficiencia. 
 Capítulo 3: Se optimiza la interfaz entre la capa transportadora de 
electrones y el electrodo metálico, con el objetivo de reemplazar el 
bario cuya reactividad limita la estabilidad de los dispositivos.  
 
Capítulo 2: Metodología 
2.1. Fabricación de células solares de perovskita 
La preparación y la caracterización de las células solares de perovskita tuvo 
lugar en una sala limpia de clase 10000 (Figura 2.1). 
Todos los dispositivos estudiados durante esta tesis utilizaron la siguiente 
arquitectura: ITO/PEDOT:PSS/polyTPD/perovskita/fullereno/PDINO o 
PFNBr/Ba-Ag o Ag. Todos los materiales empleados en este trabajo están 
disponibles comercialmente y se emplearon sin previa purificación. 
Co-evaporación de la perovskita 
La deposición de la perovskita se llevó a cabo en una cámara de alto vacío 
integrada en una caja de guantes de atmósfera inerte, Figura 2.2. Los 
materiales utilizados para preparar la perovskita MAPbI3 fueron MAI y PbI2, 
los cuales en este proceso se subliman desde unos crisoles de cerámica con 
regulador de temperatura. Los sustratos están a 20 cm de las fuentes y 
debajo de los sustratos el sistema presenta una placa de metal que se 
puede abrir y cerrar para iniciar o interrumpir la deposición del material 
sobre los sustratos. Por último, la velocidad a la que se depositan los 
materiales se controla mediante dos sensores (microbalanzas de cuarzo) 
instalados en la cámara de vacío. Una vez rellenados los crisoles con los 
materiales, se hace el vacío llegando a una presión de 10-6 mbar. Una vez 
alcanzada la presión, el MAI se calienta a 75 ºC hasta conseguir una 
velocidad de evaporación constante. Entonces, se aumenta la temperatura 
del crisol de PbI2 hasta alcanzar una velocidad de deposición que resulte en 
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la estequiometría correcta. El espesor de las capas de perovskita se controla 
con un tercer sensor, situado a la misma altura que los sustratos. 
2.3. Caracterización de las células solares 
Los parámetros que se utilizan para calcular la eficiencia de las células 
solares bajo iluminación (Figura 2.3) son: 
- Corriente de circuito cerrado (Jsc, mA cm
-2, representa la corriente 
generada a 0 V).  
 
- Voltaje de circuito abierto (Voc, V, es el máximo voltaje generado 
por una célula solar con corriente igual a 0). 
 
- Factor de forma o fill factor (FF, %, se define como la relación 
entre el punto de máxima potencia dividido entre el producto de 
Voc y Jsc.  Gráficamente representa la “cuadratura” de la curva de 
densidad de corriente contra el voltaje). 
 
- Eficiencia de conversión energética (PCE, %, expresada por el 
cociente del punto de máxima potencia de la célula y la potencia 
irradiada sobre el dispositivo). 
 
- Eficiencia cuántica externa (EQEPV, %, representa el número de 
electrones extraídos mediante los contactos dividido por el 
número de fotones incidentes sobre el dispositivo). 
En algunos estudios las células solares fueron caracterizadas como diodos 
emisores de luz. Los parámetros que caracterizan el rendimiento de estos 
dispositivos son: 
- Irradiancia (W m-2, representa la potencia de la luz emitida por unidad de 
superficie). 
 
- Densidad de corriente (A m-2, corresponde a la intensidad de corriente 
por unidad de superficie). 
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- Eficiencia de corriente (cd A-1, representa la cantidad de luz emitida por 
unidad eléctrica inyectada en el dispositivo). 
 
- Eficiencia de potencia (lm W-1, expresa la eficiencia del diodo teniendo 
en cuenta el consumo de potencia). 
 
- Eficiencia cuántica externa (EQEEL, %, representa el número de fotones 
emitidos por electrones inyectados en el dispositivo). 
 
Capítulo 3: Dispositivos basados en perovskita mixta de haluros yodo-
bromo para células solares y diodos emisores de luz 
3.1 Introducción 
Como hemos visto anteriormente, las células solares de silicio dominan, por 
ahora, el mundo de la fotovoltaica, a pesar de su alto coste. Una manera de 
disminuir el precio de la energía fotovoltaica es aumentar la eficiencia por 
unidad de superficie, un objetivo que puede conseguirse preparando células 
solares de tipo tándem, constituidas por dos dispositivos en serie y 
materiales fotoactivos con absorción de luz complementaria. Considerando 
el ancho de banda del silicio (1.1 eV), se podría aumentar la eficiencia por 
encima del 35% combinándolo con semiconductores cuyas bandas 
prohibidas sean de 1.7 - 1.75 eV. Las células solares de perovskita son 
buenas candidatas para ser incorporadas en dispositivos tándem con silicio, 
ya que entre su amplia variedad de propiedades, está el fácil control del 
ancho de banda (Eg) que puede modularse por simple intercambio de 
algunos de los componentes de la perovskita. Para aumentar Eg, la principal 
estrategia es la parcial o completa sustitución del anión haluro. La 
perovskita MAPbI3 posee un Eg de 1.55 eV y si se remplaza completamente 
el yoduro por bromuro el ancho de banda aumenta hasta 2.3 eV. Asimismo, 
cuando el haluro se remplaza por cloruro, el Eg aumenta hasta 3.2 eV. Como 
hemos comentado anteriormente, el ancho de banda ideal para células 
solares complementarias a las de Si o CIGS es de 1.7 - 1.75 eV. Este Eg se 
puede conseguir con la sustitución parcial del yoduro por bromuro, 
formando una perovskita de haluros mixta. Aunque se hayan publicado 
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células solares eficientes basadas en perovskitas con un ancho de banda de 
1.7 eV, estos materiales sufren segregación de fases en presencia de altas 
concentraciones de bromuro. Esta segregación de fases es muy perjudicial 
para la obtención de células solares eficientes y, a pesar de los numerosos 
estudios sobre este fenómeno, no ha habido una solución clara y definitiva 
a este problema. 
En este capítulo se presenta un método de deposición innovador para la 
preparación de perovskita de haluros mixta. En este nuevo método, se 
prepara una perovskita de yodo por co-evaporación que se recubre 
posteriormente con una segunda capa de perovskita de bromo. Esta última 
es depositada mediante evaporación secuencial, evaporando primero el 
PbBr2 y después convirtiéndolo con una disolución de MABr. Para asegurar 
una total conversión, se hace un tratamiento térmico de las capas a 100 ºC, 
permitiendo así la inter-difusión de los aniones haluros entre las dos 
perovskitas. La cantidad de bromo que contiene la perovskita mixta final 
depende del espesor de la capa de MAPbBr3 depositado encima de la 
perovskita pura de yodo.  
3.2. Metodología 
Todos los materiales empleados en este trabajo están disponibles 
comercialmente y se utilizaron sin purificación posterior a su adquisición. La 
arquitectura de los dispositivos consiste en: ITO/PEDOT:PSS (80 
nm)/polyTPD (20 nm)/MAPbI3 (300 nm)/MAPbBr3(x)/PCBM (50 nm)/Ba (10 
nm)/Ag (100 nm). Las capas de PEDOT:PSS y polyTPD se prepararon por 
spin-coating. Después de cada deposición las capas fueron sometidas a un 
tratamiento térmico como el descrito en la metodología del capítulo 2.1. La 
capa de perovskita MAPbI3 se preparó mediante co-evaporación del yoduro 
de metilamonio y el yoduro de plomo. Posteriormente y sin romper vacío se 
evaporó una capa de PbBr2, con diferentes espesores dependiendo de la 
cantidad de bromuro deseada. El PbBr2 se convirtió a MAPbBr3 por spin-
coating de una disolución de MABr en isopropanol. Por último, se hizo un 
tratamiento térmico a 100 ºC durante 5 min para obtener la estequiometría 
mixta MAPb(I1-xBrx)3. La capa de perovskita preparada se recubrió con una 
capa de PCBM de 50 nm de grosor mediante spin-coating. El dispositivo se 
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completó con la deposición térmica en vacío de un cátodo metálico 
formado por 10 nm de Ba y 100 nm de Ag. 
3.3. Resultados y discusión 
La formación de la perovskita mixta de yoduro-bromuro se investigó por 
diferentes técnicas de caracterización. En los espectros de absorción (Figura 
3.2) se observó el desplazamiento de la absorción al aumentar el espesor de 
la perovskita de bromo depositada encima de la de yodo, debido a un 
aumento de la cantidad de bromuro incluida. De este modo, el ancho de 
banda de las distintas perovskitas fabricadas aumentó a medida que 
aumentaba el espesor de la capa de bromuro, alcanzando 1.92 eV cuando el 
espesor de la capa fue de 200 nm. Mediante difracción de rayos X (Figura 
3.4) también se observó la formación de la perovskita mixta en las 
diferentes composiciones, ya que al igual que en la absorción, también se 
produjo un desplazamiento de los picos al aumentar la cantidad de bromo. 
Para las capas de perovskita mixta con alta concentración de bromuro (x = 
0.4 y x = 0.6) se observó una contribución minoritaria de perovskita de 
yodo, debido a una conversión incompleta de la perovskita. Este efecto se 
debe probablemente a un espesor de PbBr2 demasiado elevado para que la 
difusión de los iones haluro fuese completa. Igualmente se observó un 
cambio en la morfología con respecto a la perovskita de yodo y de bromo 
(Figura 3.3), con la formación de granos más pequeños en la perovskita 
mixta. 
Posteriormente los dispositivos fabricados fueron caracterizados como 
células solares (Figura 3.5). Primero se midió la eficiencia cuántica externa, 
en la que se apreció la misma tendencia observada en el espectro de 
absorción, con un desplazamiento hacia menores longitudes de onda al 
aumentar la cantidad de bromo. La disminución del EQEPV fue mayor en las 
dos concentraciones con mayores cantidades de bromo, debido a la 
conversión incompleta de los materiales observada en el XRD. La misma 
tendencia se observó cuando se midieron las curvas de voltaje, con una 
disminución de la corriente de circuito cerrado. Por otra parte, el voltaje de 
circuito abierto aumentó cuando la cantidad de bromuro fue incrementada. 
El FF fue similar en todas las concentraciones excepto para las dos mayores, 
116 
 
en las que disminuyó considerablemente. Finalmente, se consiguió una 
eficiencia de 9.3% en células solares de perovskita mixta con ancho de 
banda de 1.7 eV.  
Los dispositivos fueron caracterizados también como emisores de luz 
(Figura 3.6), y se observó un desplazamiento del espectro de 
electroluminiscencia hacia longitudes de onda menores, al aumentar la 
cantidad de bromo. Se observó una segunda componente del espectro de 
electroluminiscencia en las perovskitas con mayores cantidades de bromo, 
lo cual confirma la conversión incompleta de la perovskita mixta para 
elevados espesores de PbBr2. Finalmente se calculó el factor de idealidad de 
los diodos con las distintas composiciones para buscar información sobre el 
tipo de recombinación de carga en los dispositivos. Para diodos con x < 0.2, 
el factor de idealidad encontrado fue cercano a 2, indicando que la 
recombinación tiene lugar por medio de trampas o defectos. Para 
composiciones con x > 0.2, el factor de idealidad se aproximó a 1, indicando 
recombinación directa de las cargas, debido probablemente a la presencia 
de perovskita pura de yodo residual, la cual tiene un ancho de banda menor 
que la perovskita mixta de haluros. 
3.4. Conclusiones   
En este capítulo se ha presentado un método innovador para la obtención 
de perovskita mixta de haluros yodo-bromo, con un ancho de banda de 1.7 
eV aproximadamente, que tiene potencial aplicación en células solares tipo 
tándem con Si o CIGS. En este estudio se obtuvieron perovskitas con 
estequiometría variable en función del espesor de la capa de perovskita de 
bromo depositada encima de la perovskita pura de yodo. Se observó un 
aumento del voltaje de circuito abierto, consiguiendo eficiencias de 9.3% 
para la perovskita mixta con ancho de banda de 1.7 eV. Finalmente, con las 
diferentes técnicas de caracterización se observó la conversión incompleta 





Capítulo 4: Alto voltaje de circuito abierto determinado por fullerenos en 
células solares eficientes de perovskita  
4.1 Introducción 
En las células solares de perovskita las capas transportadoras de electrones 
(ETLs) juegan un papel importante, ya que además de extraer y transportar 
los electrones de la capa activa hacia el cátodo, sirven como bloqueadores 
de huecos, reduciendo así la recombinación en la interfaz. Algunas de las 
características de los ETLs son indispensables para obtener buenas 
eficiencias, como por ejemplo: una alta movilidad de carga, el buen 
alineamiento energético con las capas adyacentes y una buena morfología. 
Desde el comienzo de la investigación sobre las células solares de 
perovskita, se han utilizado diferentes transportadores de electrones, 
dependiendo sobre todo de la arquitectura de la célula solar empleada. Por 
ejemplo, en la configuración n-i-p, el TiO2 es el material más utilizado, 
mientras que en la configuración p-i-n los derivados de los fullerenos son los 
más empleados, ya que presentan propiedades muy acordes con los 
requisitos mencionados previamente. Además, algunos estudios han 
demostrado que los fullerenos podrían pasivar los defectos superficiales en 
la perovskita, reduciendo de esta manera la recombinación en las células 
solares. En este capítulo se presentan cinco derivados del fullereno 
diferentes y se estudian sus propiedades como materiales transportadores 
de electrones en células solares de perovskita de tipo p-i-n. 
4.2. Metodología 
Todos los materiales empleados en este trabajo están disponibles 
comercialmente y se utilizaron sin purificación posterior a su adquisición. La 
arquitectura de los dispositivos consiste en: ITO/PEDOT:PSS (80 
nm)/polyTPD (20 nm)/MAPbI3 (320 nm)/fullereno (50 nm)/Ba (10 nm)/Ag 
(100 nm). Las capas de PEDOT:PSS y polyTPD se prepararon por spin-
coating. Después de cada deposición las capas fueron sometidas a un 
tratamiento térmico como el descrito en la metodología del capítulo 2.1. La 
capa de perovskita MAPbI3 se preparó mediante co-evaporación del yoduro 
de metilamonio y el yoduro de plomo. La perovskita se recubrió con una 
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capa de fullereno de 50 nm de grosor,  mediante spin-coating. El dispositivo 
se completó con la deposición térmica en vacío de un cátodo metálico 
formado por 10 nm de Ba y 100 nm de Ag. 
4.3. Resultados y discusión 
En este capítulo se estudiaron dos familias de derivados de los fullerenos. 
Por una parte, se utilizaron tres derivados PCB-R con cadenas alquílicas de 
metilo (PCBM), butilo (PCBB) y hexilo (PCBH) y, por otra parte, dos 
derivados IP-R con cadenas alquílicas de butilo (IPB) y hexilo (IPH). Las dos 
familias de derivados presentan absorción óptica diferente (Figura 4.3), en 
función de las estructuras y de la cadena alquílica empleada (Figura 4.1). Los 
derivados PCB-R presentaron dos picos de absorción sobre 300 nm y 350 
nm, respectivamente, mientras que los derivados IP-R solo presentaron un 
pico de absorción con un máximo a 325 nm. Las distintas capas 
transportadoras de electrones depositadas sobre la perovskita co-
evaporada presentaron características diferentes dependiendo del derivado 
empleado. Cuando el PCBM se depositó encima de la perovskita, 
aparecieron algunos defectos que pueden convertirse en centros de 
recombinación de carga, como puede observarse en la Figura 4.5. Las capas 
de los otros derivados estuvieron libres de defectos ya que los compuestos 
presentaron una mayor solubilidad al poseer cadenas alquílicas más largas. 
Además, la morfología superficial de estos derivados del fullereno fue más 
homogénea que la obtenida con el PCBM, mejorando el recubrimiento de la 
perovskita. 
Los dispositivos fabricados con los diferentes fullerenos fueron 
caracterizados inicialmente como células solares (Figura 4.7). Se observaron 
valores más elevados de voltaje de circuito abierto con los derivados IP-R en 
comparación con los PCB-R, en concreto de unos 10 - 20 mV. Esto es un 
efecto del menor potencial de reducción de los derivados IP-R. Además, los 
valores de corriente de circuito cerrado fueron más elevados para los 
dispositivos que utilizaron IPH como transportador de electrones. Para el 
resto de los fullerenos, los valores de Jsc fueron parecidos, con valores 
menores para las células solares con PCBM debido probablemente a los 
defectos observados en la capa. No se observó una clara tendencia en el FF, 
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y en todos los dispositivos los valores fueron altos, de entre 75 - 80%. 
Finalmente, las mejores eficiencias se obtuvieron empleando el IPH como 
transportador de electrones, alcanzando valores máximos de 14.6%.  
Estos dispositivos también fueron caracterizados como diodos emisores de 
luz. En la Figura 4.9 observamos que la eficiencia cuántica externa para la 
electroluminiscencia depende del derivado de fullereno empleado, siendo 
las obtenidas para los derivados IP-R las más elevadas. Los dispositivos con 
estos dos fullerenos como ETL, fueron los que también alcanzaron mayores 
valores de Voc, lo que sugiere una disminución de la recombinación no-
radiativa al interfaz de la perovskita con estos dos derivados de fullereno.  
4.4. Conclusiones 
En este capítulo se ha presentado el estudio de cinco derivados de fullereno 
como materiales transportadores de electrones en células solares p-i-n. Se 
comprobó que los derivados de fullereno con cadenas alquílicas más largas 
formaron capas más homogéneas en comparación con las capas de PCBM. 
Las mejores eficiencias se consiguieron con los compuestos  IP-R, ya que 
presentaron mayores valores de Voc y de Jsc. El aumento del voltaje de 
circuito abierto vino acompañado por un incremento de la eficiencia 
cuántica de electroluminiscencia, sugiriendo una reducción de la 
recombinación no-radiativa. Por tanto, podemos concluir que estos nuevos 
derivados de fullereno son materiales muy prometedores como 
transportadores de electrones en células solares de perovskita. 
 
Capítulo 5: Optimización de la interface en células solares de perovskita 
5.1. Introducción 
En los dispositivos electrónicos existe una barrera energética interfacial 
entre el nivel de Fermi de los electrodos metálicos, como son Ag y Au, y el 
orbital molecular no ocupado de más baja energía (LUMO) del 
transportador de electrones (PCBM), que conlleva una pérdida de potencial 
al extraer las cargas. Por este motivo, se emplean materiales que mejoren 
las propiedades eléctricas y electrónicas en la interfaz entre la capa activa 
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(perovskita) y los electrodos, para así obtener eficiencias más elevadas. Para 
minimizar la pérdida de energía en el contacto, la barrera de energía en la 
interfaz entre el cátodo y la capa de PCBM debería ser idealmente nula 
(contacto óhmico). Por esta razón, se ha estudiado el efecto de una capa 
interfacial que reduzca la diferencia de energía entre la capa de fullereno y 
el contacto metálico (Al, Ag, Au). Se ha estudiado el efecto en la extracción 
selectiva de carga de dos materiales iónicos (PDINO, PFNBr), procesados por 
disolución y depositados entre la capa de fullereno y el cátodo. En este 
estudio se emplea el derivado de fullereno IPH, seleccionado en estudios 
presentados en el capítulo anterior. Además, en este capítulo se estudia la 
importancia del empleo de una capa bloqueadora de electrones entre la 
capa de PEDOT:PSS y la perovskita.  
5.2. Metodología 
Todos los materiales empleados en este trabajo están disponibles 
comercialmente y se utilizaron sin purificación posterior a su adquisición, 
excepto el PDINO, que fue sintetizado por el grupo de investigación de la 
Profesora Ángela Sastre. La arquitectura de los dispositivos consiste en: 
ITO/PEDOT:PSS (80 nm)/polyTPD (20 nm)/MAPbI3 (320 nm)/IPH (50 
nm)/PDINO o PFNBr/Ba (10 nm)/Ag (100 nm). Las capas de PEDOT:PSS y 
polyTPD se prepararon por spin-coating. Después de cada deposición las 
capas fueron sometidas a un tratamiento térmico como el descrito en el 
capítulo 2.1. La capa de perovskita MAPbI3 se preparó mediante co-
evaporación del yoduro de metilamonio y el yoduro de plomo. La perovskita 
se recubrió con una capa de IPH de 50 nm de grosor, mediante spin-coating. 
Después, una fina capa de PDINO y/o PFNBr fue depositada por spin-
coating. El dispositivo se completó con la deposición térmica en vacío de un 
cátodo metálico formado por 10 nm de Ba y 100 nm de Ag o sólo por 100 
nm de Ag cuando se utilizaron las capas intermedias iónicas. 
5.3. Resultados y discusión 
En este capítulo se estudió, en primer lugar, el efecto del uso del polyTPD 
como capa bloqueadora de electrones. En la Figura 5.4, se observó la 
diferencia tanto en las curvas de corriente-voltaje bajo iluminación como en 
la eficiencia cuántica externa. La curva relativa a las células solares sin 
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polyPTD presentó un Voc menor, indicando una recombinación directa de 
cargas en la interfaz entre el PEDOT:PSS y la perovskita. Además, el 
PEDOT:PSS presenta una función de trabajo menor que la del polyTPD, lo 
cual disminuye el fotovoltaje del dispositivo. La recombinación directa y el 
menor fotovoltaje observado con el PEDOT:PSS también afectaron al FF. De 
igual manera, la eficiencia cuántica externa (EQEPV) fue mucho menor en 
ausencia de polyTPD, obteniendo corrientes de circuito cerrado menores. 
Esto es indicativo de las diferentes propiedades de transporte que posee la 
perovskita evaporada comparada con células de perovskita preparadas por 
disolución, ya que en la mayoría de trabajos donde la perovskita se deposita 
por disolución no se utiliza ninguna capa bloqueadora de electrones. 
Siguiendo con este estudio, también se analizó el factor de idealidad para 
los dos tipos de dispositivo, con y sin polyTPD. Para los dispositivos sin la 
capa bloqueadora de electrones, el factor de idealidad se aproximó a 1, 
apuntando a la recombinación directa de las cargas, mientras que en los 
dispositivos con polyTPD el factor de idealidad fue 2, señal de una 
recombinación interfacial mediada por trampas o defectos. 
En segundo lugar, se emplearon dos materiales como capas intermedias 
para la extracción de electrones. Por una parte se depositó el PDINO entre 
la capa de fullereno (IPH) y el cátodo (Ag); en este caso la presencia de un 
grupo N-óxido introduce un momento dipolar en la interfaz entre el metal y 
el material orgánico, bajando de esta manera la función de trabajo del 
metal y facilitando la transferencia de electrones desde el IPH hasta el 
cátodo. En segundo lugar, se depositó de manera análoga una capa de 
PFNBr entre el fullereno y el electrodo. La incorporación de esta capa 
intermedia también permite crear un contacto óhmico en la interfaz, 
mejorando así la extracción de los electrones hacia el electrodo. 
Los dispositivos fabricados fueron caracterizados como células solares. 
Aparte de las células solares con las dos capas iónicas, también se 
prepararon células solares de referencia con Ba-Ag como cátodo. En la 
Figura 5.7 podemos observar las curvas de voltaje tanto en oscuridad como 
bajo iluminación, así como la eficiencia cuántica externa. Los resultados 
obtenidos fueron similares para todos los dispositivos fabricados. Todos 
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ellos presentaron FF elevados, entre 74 y 77%, de acuerdo con la buena 
calidad de las capas preparadas. Igualmente, los valores de Voc obtenidos 
fueron elevados en todos los casos, aproximadamente 1.1 V, gracias al bajo 
potencial de reducción del IPH como transportador de electrones. La 
principal diferencia entre las capas de extracción de electrones estudiadas 
fue la corriente de circuito cerrado (Jsc), donde los valores menores fueron 
obtenidos con el Ba-Ag como electrodo. Además este cátodo presentó 
EQEPV menores entre las longitudes de onda de 650 y 770 nm, comparadas 
con las obtenidas con el PDINO y el PFNBr. Esto es consecuencia de la 
menor reflectancia del Ba/Ag frente al Ag, que hace que las células solares 
tengan un perfil de absorción de luz diferente. Finalmente, las mejores 
eficiencias se consiguieron utilizando una capa fina de PDINO entre la capa 
de fullereno y el cátodo, alcanzando eficiencias de hasta 15.2%.  
Como se hizo en los capítulos anteriores, los dispositivos fabricados fueron 
caracterizados también como diodos emisores de luz. Como se puede 
comprobar en la Figura 5.9, los valores de eficiencia cuántica externa fueron 
mayores cuando el bario fue sustituido por la capa de PDINO o de PFNBr, 
sugiriendo que las mejorías observadas se deben en parte a una reducción 
de la recombinación no-radiativa a la interfaz entre el fullereno y el cátodo. 
5.4. Conclusiones 
En este capítulo se ha estudiado la extracción de carga en la interfaz entre 
la perovskita y los electrodos en células solares de configuración p-i-n. En 
primer lugar, se ha evaluado la importancia del uso de una capa 
bloqueadora de electrones entre el PEDOT:PSS y la perovskita. Se ha 
observado que existe una recombinación directa de las cargas a la interfaz 
entre el PEDOT:PSS y la perovskita, haciendo necesario el uso de una capa 
de polyTPD entre los dos materiales. En segundo lugar, se han evaluado dos 
capas intermedias para extraer los electrones del fullereno hacia el cátodo, 
PDINO y PFNBr. En ambos casos, se han obtenido eficiencias similares o 
incluso mayores con respeto a dispositivos donde se ha utilizado Ba-Ag 
como cátodo. Esto es consecuencia de la formación de unos dipolos 
favorables en la interfaz entre la capa de fullereno y el cátodo, que hace 
que la función de trabajo del metal se reduzca y que permita extraer más 
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eficientemente los electrones. En la caracterización de la 
electroluminiscencia, se ha observado una reducción de la recombinación 
no-radiativa cuando el bario fue sustituido por la capa de PDINO o PFNBr. 
 
Capítulo: 6 Conclusiones generales  
El objetivo de esta tesis consistía en el desarrollo de células solares de 
perovskita eficientes preparadas mediante métodos de alto vacío y de 
disolución. La importancia de optimizar la interfaz entre la perovskita y las 
capas transportadoras de cargas se ha estudiado en los dos últimos 
capítulos de esta tesis, obteniendo mejores eficiencias, debido a la 
reducción sustancial de la recombinación no-radiativa. 
En el capítulo 3 se ha presentado un método innovador para la obtención 
de la perovskita mixta de yodo-bromo, utilizando principalmente métodos 
de alto vacío. Las distintas concentraciones de bromo se controlaron 
mediante el espesor de la capa de MAPbBr3 depositada encima de la 
perovskita pura de yodo. Entre las distintas composiciones preparadas, se 
preparó una célula solar de perovskita con un ancho de banda de 1.7 eV y 
con una eficiencia  de 9.3%, la cual es particularmente interesante para la 
fabricación de células solares tándem con silicio o CIGS. Cuando se 
incrementó el contenido de bromo por encima de 0.2, las eficiencias de las 
células solares disminuyeron drásticamente debido a una disminución de la 
corriente de circuito cerrado. Esto se atribuye a la incompleta formación de 
la perovskita mixta, causando la segregación del material en fases distintas 
que favorecen la recombinación directa de carga. 
En el capítulo 4 se ha evaluado la importancia en la elección de la capa 
transportadora de electrones en células solares de perovskita evaporada en 
la configuración de tipo p-i-n. Cinco derivados de fullereno con cadenas 
alquílicas diferentes fueron estudiados. En este trabajo se observó que los 
derivados de fullerenos que presentaban cadenas alquílicas más largas 
presentaban mayores solubilidades, y por tanto las capas de estos 
compuestos presentaban menos defectos cuando eran depositadas encima 
de la perovskita. Como resultado, los dispositivos basados en estos 
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fullerenos alcanzaron mejores eficiencias, debido principalmente a una 
mejora en el Voc, ya que los defectos observados en la capa de PCBM 
pueden actuar como centros de recombinación de carga. De la misma 
manera, cuando los dispositivos fabricados fueron caracterizados como 
diodos emisores de luz, las mejores eficiencias cuánticas externas se 
alcanzaron con los derivados del fullereno con cadenas alquílica más largas, 
más concretamente de los derivados IP-R. Esto indica que el uso de estos 
derivados disminuye la recombinación no radiativa al electrodo.  
La optimización de las interfaces en las células solares de perovskita 
evaporada se ha evaluado en el capítulo 5. En primer lugar, se estudió la 
importancia de la deposición de una capa bloqueadora de electrones en la 
interfaz PEDOT:PSS/perovskita. Los dispositivos preparados sin la capa de 
polyTPD presentaron una severa recombinación en la interface afectando a 
la eficiencia de los mismos. Después se estudió la deposición de dos capas 
iónicas intermedias (PDINO, PFNBr) entre el fullereno y el cátodo (Ag), con 
el objetivo de poder sustituir el Ba. La formación de dipolos en estas capas 
ayuda en la transferencia de electrones desde la capa de IPH hacia el Ag, y 
reduce de esta manera la recombinación de las cargas en la interfaz. Se 
alcanzaron así eficiencias similares e incluso mayores a las obtenidas en 
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